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Single-differential, partial, and total ionization cross sections for the proton—hydrogen
atom collision system in the energy region of 0.1-10 keV/u are determined by using the
molecular-orbital close-coupling method within a semiclassical formalism. The present
cross sections are in an excellent agreement with the recent experiments @t Shab.

Phys. B.31, L757(1998], but decrease more rapidly than the cross sections measured by
Pieksmaet al. [Phys. Rev. Lett73, 46 (1994] with decreasing energy. The numerical
data for all calculated cross sections are included in this paper. A critical evaluation of the
existing data for the ionization process in the keV energy range is performed both for the
experiment and theory. The recommended data are obtained from a converged close-
coupling expansion, which in total includes 362 bound and continuum channels with their
wave functions augmented by the electron translation factor in order to insure the correct
scattering boundary condition. @004 American Institute of Physics.
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1. Introduction

Proton impact ionization from various atoms and mol-
ecules has attracted many researchers over many years since
it serves as an important and challenging problem in atomic
physics. It is one of the most fundamental processes in vari-
ous applications such as fusion react@ksma edge pro-
cesses, cooling rate estimgtesadiation damage in biologi-
cal matters(including cancer treatment energy loss of
heavy ions in solid targets, and ion-beam technologésh-
ing, thin-film manufacturing

There has been a vast amount of effect directed at the full
understanding of the emissions during ion—atom collisions
both from the experimental and theoretical perspectives.
Several publications have provided a partial overview of
these studie$:® Yet, our understanding of even the basic
prototype ion—atom collision system, proton on hydrogen
atom, is not completely satisfactory, especially at low ener-
gies below a few keV. At keV energies, the total ionization
cross sections measured in the experiment of Pieletra#®
were found substantially larger than the recent measurements
of Shahet al.” below 10 keV/u, and decreasing more slowly
with the decreasing energy. At 1 keV/u, the cross sections of
Pieksmaet al® exceed the values by Shahal.” by as much
as ~4 times. Numbers from the highly accurate
experiment$® and elaborate calculatiol’s'? disagree by
20% at the peak of ionization cross section of 50 keV/u. The
above experimental and theoretical results are summarized in
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Fig. 1 together with other rigorous theoretical contributions T
over the years. Detailed discussions on these studies are pr( 10 1 (a
vided in the following paragraphs. g ]

Describing the ionization process correctly with high pre- ~‘?o
cision, probabilities of other concurrent processes, in particu- = E
lar elastic scattering, target excitation, and electron capture tc ©
the projectile should be considered simultaneously in low-to-
intermediate collision energies. It is not possible to describe
one process accurately without treating all on equal footing
since the ionization is strongly intertwined with other inelas- 3
tic and elastic processes. Because proton—hydrogen atom ir 3 i,
teractions are known to be relatively weak, and also many
channels couple closely, computing high accuracy cross sec 2 rr——r - ——r T ——rrrr
tions for ionization of this collision system requires us to
include a huge number of channels carefully, and remains
one of the difficult and challenging problems in collision
physics.

There is a series of theoretical and experimental works to
obtain accurate ionization cross sections, based on a variet
of approaches. In theory, the methods commonly used in-
clude the molecular orbital close coupling metittioCC),
or atomic orbital close couplingAOCC), the perturbative
method, and the classical trajectory Monte Carlo method
(CTMC), and some of the most recent ones are cited below. 0 - P ——rrrr— e
Even among extensive and reliable theoretical investigations 1 10 100 1000
particularly based on the close coupling scheme, discrepan Collision energies E (keV/amu)
cies of ambiguous origin arise in the energy dependence and o ,
magnitude l?elow the intermediate energy. A study based o If'arlé ;?ﬁiw’a”,lﬁaﬁ'%ﬂ (érno;z; fgggﬁi,orfeggggv_er&dgr?:?gsSvﬁﬁemgbars,
the MOCC includes SethuRaman al -,13 and Thorson and measured cross sections of Steirel. (Refs. 7—9. Squares with error bars,
his co-workers*1° and those by using the various types of measured cross sections of Pieksetal. (Ref. 6; HC2, hidden crossing
the AOCC are Winter and LiF ML aughiinet al,” Frisch — Lee il o2l et secoueng promoren neeraroee 20
and Lin;” and other aUthorgl-' Most recently' a StUdy 6); TC2, close-coupling triple-center calculations of Stethal. (Ref. 7);
based on the two-center AOCC approach was carried out byc1, close-coupling triple-center calculations of McLaughtinal. (Ref.
Toshima'® who calculated ionization cross sections for col-17; DC2, two-center close-coupling calculations of Toshiffef. 10;
ision energy 1-800 keViu, obtaining results 20% higher 2y cag rir Sose,couping cacustons of Fech and it 16,
than the experiments of Shah al®® at the ionization cross crothers and McCan(Ref. 35; (solid line) present results.
section peak. Two recent calculations by Kolakowska and
Sidky*"'? agree well with Toshim&@ and Shah'setal.

_expenmed at energies 4_170 keViu, but decrease_more raPat al,?® but as described above, a serious discrepancy exists
idly than those by Shaét al.” below 4 keV/u. Two different between the most recent measurements.

types of the hidden crossing calculation, i.e., the inclusion or It can be seen in Fig. 1 that the experimental results are
neglect of radial decoupling mechanism were performed, andl\v in a very rough general accord. Therefore reliable the-
corresponding two results based on the approach gf Ovchinsretical values must play an important role for recommend-
nikov and Macekgwere found to be largely dlﬁgreﬁtz. The  ing the set of cross sections that is to be used in applications
result obtained by the neglect of the decoupling mechanismgnq aiso the method that describes the dynamics of ionizing
is found to provide good agreement with Shathal” The  coliisions best. Nevertheless, for such purpose the previous
present formalism builds on evaluating measurable quantitiegheoretical calculations differ even to a higher extent than the
in the real coordinate space. We therefore directly computexperimental data. This can be seen in Fig) &t low keV
bound- and continuum-state wave functions, radial and anenergy, whether it is the difference between the hidden-
gular couplings among all states involved, and solve the dycrossing calculations with and without the radial decoupling
namics in the molecular-state ba$is® promotion mechanishf® or the difference between the
In the experiment, the proton—hydrogen atom system iglose-coupling calculations based on the two-céfitegrsus
the simplest ion—atom system but yet one of the most diffithe three-centérexpansion. In addition, it is important to
cult ones to be studied for a number of reasons including theote that the hidden-crossing method relies on the complex
difficulty of producing pure hydrogen atoms. A few experi- coordinate and analytical continuation, and therefore the
mental references are: Pieksmedal.’ Shahetal,” Fite  evaluation of measurable quantities such as differential ion-

tions
=)
n
]

ross sec
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]
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ization cross sections or spatial probability distributions ofet al?? for the H,” system, based on the analytical two-
the electron during the collision is not straightforward. Thecenter decomposition of exact wave functions. All these cou-
present method, in contrast, provides for all of these quantipling matrix elements are evaluated using Gauss—Legendre
ties before the total ionization cross sections are calculatedand Gauss—Laguerre quadratures with relative errors
Because of the uncertainty on the ionization cross sectiog:1x 1078,
values below a few keV/u, both in theory and experiments as Before moving on to solve the close-coupled E(®, a
summarized above, we have undertaken the project to calCiew important comments associated with the ETF’'s modified
late the differential ionization cross sectioi¥CSs and the  molecular orbital expansion approach need to be discussed.
total ionization cross sectionsTICSg for ionization of  This is the non-Hermitian Hamiltonian matriR-+A) in Eq.
atomic hydrogen by proton impact at the low collision en-(2). In any calculation, we need to replace the full Hilbert
ergy range 0.1-10 keV/u. In addition, charge transfer an@dpace spanned by the true discrete and continuum states with
excitation channels were also considered. Electron transfe{ truncated subspace. As a result, certain operators in the
factor (ETF) has been included to ensure correct scatteringquations of motion cannot be fully represented, and unless
boundary conditions. All results obtained are given both ingreat care is taken they may not even be accurate|y repre-

tabular and graphical forms.

2. Theoretical Method
2.1. Molecular Orbital Coupled Equations

Let us assume the internuclear distance between prot

and hydrogen to be described classically by a veR(),
and solve the resulting time-dependent Schorger equa-
tion for the electron system with Hamiltoniath,,,
J
i(h/2m) =W (r,t) =He(r,RO)P(r,1). (o
We expand the state vectdr in an ETF-modified molecular
basis set, and integrate over electron coordinatdhen for
the expansion coefficient,(t) in the MOCC method one
obtains the coupled equatiofsp to the first order in veloc-
ity v)
day(t)

i(h/2) at

-3 [R(PR+AR) +RO(P’+A% ]
n+

i t ,
xan(t)exp{—(h/TW)f (en(t")

— ek(t’))dt’}, 2
with ©=/(v,R), where the usual coupling ternis’
. _ oH
Pn=—i(h/2m) (e~ €n) l< i [ R ¢n>, 3
r

Pin=—R XLyl bn) @

are corrected by the radial and angular ETF terms
Afn=im/ (h2m) (= en)($ilzalTiR) | dn),  (5)
An=im/(h/2m) (ex— €n)(SilxTo(FiR) [ dn).  (6)

Here, m is the reduced electron mads,is the electronic
orbital angular momentum, amd-= (x,y,z), with zbeing par-
allel to R. The switching functiond ,(r;R) which describe

(0]

sented within the truncated subspace. This is true in particu-
lar for the propagator itself. Thus, a theory should consider
the flux loss from the truncated subspace, and then, in con-
trast with the exact close-coupled equations, the close-
coupled equations for the wave function in the truncated sub-
space are necessarily nonunitary, i.e., they should not
conserve probabilities. Our locally non-Hermitian Hamil-
tonian matrix (P+A) allows us to consider the escape of
electrons from the subspace spanned by the truncated basis.
Importantly, the flux loss effects decrease with the basis size
increase, and the probability conservation is satisfied ap-
proximately on a sufficiently large basis set. By implement-
ing the ETFs, the basis sets of relatively small size can be
considered as complete with sufficient accuracy. In the
present study, we find the probability conservation is better
than 1x 10~ 2 with a basis set including ten bound states and
11 continuum partial waves.

2.2. Two Coulomb Center Functions

Next, we briefly summarize the computation of matrix el-
ements in Eqs(3)—(6). H, " is a prototype one-electron two-
nuclei system, which is separable in the conventional prolate
spheroidal coordinates=(&,7,¢), and the corresponding ei-
genvalues, and wave functiong,(r;R) can be calculated
with great numerical accura&§-34The wave function is fac-
tored out

¢k(§,ﬂ,QD,R):Ck(R)Ak(g,R)Mk( n!R)eil“Pv (7)

where C(R) is a normalization constant, and functions
A(¢,R) andM(7,R) describe the quasiradial and quasian-
gular motions of electron, respectively. The indeXabels
the component of electronic angular momentum on fhe
axis. The lettek stands for the three quantum numbErgy,
andA (A is equivalent to the orbital angular momentum for
R=0). The one dimensional wave functions in Ed) are
found in semianalytical forms, and the coupling terms in
Egs. (3)—(6) are then readily computed. Details of the
method can be found in Refs. 28—34 and have been summa-
rized in Appendices A and B.

The state vectoW in Eq. (1) is composed of noninteract-

the correlation of electron motion on nuclei, in general, de4ing g (gerade¢ andu (ungeradg components, and thus there

pend on the molecular-state wave functign(r;R). We

are corresponding sets gfandu close-coupled Eg42). If

have employed the switching function derived by Thorsonindex “1” designates the initial states in each ses{}, or

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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2poy, respectively, then the initial conditions for Eqg$2) TasLE 1. Molecular basis sets for the close-coupling basis sets
(corresponding to “proton A plus atom B'is Gorade Ungerade Number of
ak(t= —o0)= 1/\/55“( (8) Sets basis states basis states all states
and (for given energyE and each impact parametey the ~ Continuum I:Zif’)) et }z?(‘r’“; ||:fp:“>>
. . . . g/ g u/» u
final-state emplltudak(E,b) is computed. Once the final- |egay), legmy) |eha), |ehm,)
state amplitudea,(t=+«) is obtained, we can define the 5 partial waves, 6 partial waves, 11x32=352
probability of excitation/or ionization to the molecular stkte for 32 energies for 32 energies
as Bound all above, plus all above, plus
A [1s0y) [2pay) 354
P(E,b)=]|a,(t==)|?, (9) B all above, plus all above, plus
. e . |3d7Tg> [2p,)
and the corresponding individual cross section reads |3doy) 3poy)
[2504) [3p,) 360
E :zﬂ.f P.(E,b)b db. 10 C all above, plus all above, plus
QK(E) K(E.b) (10 |4dmy) |4fay) 362
In ionization problemsQ,(E) is the partial ionization cross P - all above, minus
[2pm,) 196*

section, labeled by, \, andu. Hence the differential ioniza-

. . . . . a i i -

tion cross section is determined by summi@ge,\, u;E) S_;et D contains 4 dlsc'rete statesp@,,Spau,:%pqufau) and 192 con
tinuum state$32 energies for the 6-partial waves above

over quantum numbers, u

do
EZE Qe u;E) (1) and the full close-coupled Eq§2) can be partitioned into
' separate groups. Each group contains the strongly coupled
and the total ionization cross section symmetry allowed discrete statésf. Table 3 and several
do partial waves for continuum electron with the same energy;
o= | —de (120  these are coupled by weak radial or angular interactions.

de Truncation in the partial wave expansion of the continuum
is obtained by integrating the energy distribution of ejectedelectron is based on a rapid decrease of the couplings with
electrons. the increasing angular momentum numier3 orders of
magnitude for ejected electron witl=5). Next, we calcu-
late the differential ionization cross sections at a certain set
3. Results and Discussion of separate energy points, interpolate these gitaplines,
and finally integrate the spline function over the whole con-
tinuum analytically. Thus the convergence in the number of
To compute the ionization cross sections, we have carrie@ontinuum states can be controlled through the convergence
out systematic calculations with basis sets A, B, and C, a8f B-spline interpolation. lonization cross sections decrease
listed in Table 1. Comparing the numerical results with dif-rapidly with the ejected electron energy increase, and the
ferent basis sets allows us to study the convergence of iorecessary number of interpolation points derives from the
ization cross sections with the basis size. In addition, som8umber ofB-spline terms which can accurately represent this
selected calculation have been done on the ungerade compinction shape. Logarithm equally spaced mesh points of
nent of basis set C withoutp2r, (set D) to understand the e€jected electron energy were conveniently used in our calcu-
role of upper levels in the ionization dynamics. The con-lation. The differential cross sections already vary smoothly
tinuum component is common in the basis setgdikect  With free electron energies on the 32 point grid.
ionization, B, C (indirect ionization, and D(reference basis
s_e1), which contains 32 energies below 1.0 Ry for each par- 3.2. Total lonization Cross Sections  (TICS)
tial wave; then the total continuum states are accounted for
up to 352. Within the straight-line approximation, we have Figure 1 shows the present TICSs along with some earlier
solved the coupled differential equations, Eg), for 100 theoretical and experimental results. The present MOCC re-
impact parameters arranged (0—6.0 a.u. at 32 collision sults are found to agree better with Shaial.” below 10
energies from 0.1 to 10 keV/u. The results shown belowkeV/u. The present results are smaller than those of the
were obtained by using the basis set C. triple-center AOCC calculations, although they exhibit closer
The energy of ejected electrons is explicitly included inagreement at collision energies lower than 1.5 keV/u. The
the equations of motion via the coupling terms in E2), hidden-crossing calculation includin§ and T promotions
while the total ionization cross section requires a formal in-and the radial decoupling mechanism is about 30% larger
tegration over the whole continuum. Therefore, we need tdhan the present results at 10 keV/u. Their cross section de-
revert to a discrete sampling scheme as described furthecreases more slowly with the decreasing energy, and thus at
Our study and also previous works in the literataré find 1 keV/u the difference from our calculations is as high as a
the couplings with continuum states to be generally weakfactor of 6. Yet, the present values are in better agreement

3.1. Basis Sets and Convergence

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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with the hidden-crossing method includigyand T promo- TasLE 2. Total ionization cross sectiorfanits 10 6 cn?)@
tions, with the discrepancies better than 30% in all energies.
Below 2 keV/u, however, the hidden-crossing results de-“"
crease faster, and correspondingly, those cross sections #&&0  6.16° 265 1492 521 519 776 107°
by a factor of 2 smaller than the present results at 1 keV/u42 6'92: 2.97 1'852 553 5'782 8.08 1'151
The present r_esults agree well with the two-center AOC :74 éﬁg ggi ;:ggz 2?3 ?:giz g:;'g ﬁgl
result of Toshimd® In the energy range from 4—10 keV/u, 138 4.83% 393 3112 649 7682 9.04 1.43!
however, the cross sections by Toshima become smaller thartvo  6.83% 425 3592 681 8372 936 153!
the present results and sharply decrease below 4 keV/u. TR02 ~ 9.03° 457 4092 713 9.09° 968 163"
present results are also compared with the measurements o84 1177 489 463° 745 086° 100 174"
Pieksmaet al,® and Shaket al.” Our results are found to be Superscripi denotes the order of magnitude, i.&.10.

25% below the measured results of Pieksetal® at 6  °Collision energyE. , is measured in keV/amu.

keV/u, and decrease more rapidly with the decreasing en-

ergy, the discrepancies being up to a factor of 6 at the lowesf significant only when the collision enerds is above 3

collision energy of 1 keV/u considered. However, our result§<ewu for g components and 1 keV/u far components. At

are in excellent agreement with the recent experimental datf'?]e collision energyE =10 keV/u, the differential cross sec-

of Sh.ahet al.’ _since they lie within the experimental error tions of e=0.01 Ry is about 2 orders of magnitude greater
bars in the entlre energy range cons@er@. .__than that ofe=1.0 Ry. Differential cross sectiotho/de of u
Thg numencal results for total ionization cross Sect'c’nscomponents is about 1 order of magnitude greater than that
are given in Table 2. of g components at their maxima. We have projected the
differential cross sectionda/de on the bottom plane in this

figure. There is a region in the two projections in which for a

Figure 2 illustrates the partial cross sections for differenonstantlo/de the ratio ofe/E is a constant. It shows that a
partial waves of ejected electron, and the related numericaimall group of electrons gains energies from incident protons
data are summarized in Table 3.

In particular, Fig. 2 shows the distribution of partial ion-
ization cross sections which are integrated over the ejectec 10'2‘5
electron energy in the intervéd,1) Ry. The partial ionization 3
cross sections as a function of collision energy represent our_
statement that the ionization is significant only in two or
three (,m) channels either fog components or fou com-
ponents. In case aj componentsso, do anddw are the
important channels below 4 keV/amu, but the partial ioniza-
tion cross section ofesincreases much more rapidly than the
other two, and exceeds them by order of magnitudé& at
=10keV/u. The channelgo, p, andfs are important in
the case ofu components, and the partial ionization cross
section ofpo is much greater than those of other channels
exceptE<2 keV/u, where the cross section pfr is the
largest one. However, the distribution of ejected electrons
over partial waves depends on the energy of free electrone~
significantly, which is illustrated in Fig. 3 by the partial ion- g »
ization cross sections for one fixed energy of the ejectede 10
electron,e=0.01 Ry. In this particular case, the ionization in
u components is dominated Ipyr andpo channels and their
contributions are almost the same at the highest energy con
sidered, 10 keV/u.

o Ecm. o Ecm. o Ecm. o

3.3. Partial Cross Sections

Cross section ¢ (10" cm

3.4. Differential lonization Cross Sections  (DICS)

Cross sections ¢ (10

In addition to the accurate integral ionization cross sec-
tions (cf. Fig. 1) obtained presently, in Fig. 4 we give the
single DICSs as a function of ejected electron energnd
collision energyE. Cross sections af andu components are Energy E (keV/amu)

.Sho.wn in the qu(.ata) and lower(b) p_arts, rgspectlyely_ lon- FiG. 2. Partial ionization cross sectiofistegrated over the ejected electron
Ization cross section decre'a'ses rapidly with the' final el'eCtr.OQnergy as a function of the collision enerdy for the 11 partial waves(a)
energy increasing and collision energy decreasing. lonizatiog components anth) u components.

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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TasLE 3. Partial ionization cross sectiofisnits 10716 cn?)

E (keV/u) 0.10 0.42 0.74 1.06 1.38 1.70 2.02 2.34
so 4.48°8 3.43°7 1.62°6 4.47°8 1.12°° 2.14°5 3.55°° 5.11°°
po 4988 2.21°7 49277 3.40°6 9.356 1.77°° 2.8475 4.12°°5
do 3.82°8 1.60°7 29177 5.64 7 7147 6.77°7 9.72°7 2.94°6
for 2.80°10 6.187° 2.36°8 1.31°7 5837 1.38°6 2.70°8 4956
go 1414 8.29° 10 2.06°8 6.77°7 2.87°6 6.75 6 1.30°° 2.28°°
ho 5.10°6 1.76°° 1.68°4 5.85 4 1.30°° 23473 3.75°3 5543
pm 4846 2.03° 5.64° 1.40°4 1.9174 3.78°4 4.56 % 4974
dmr 4.42°8 3.11°5 4.02°° 5.06° 6.08°5 8.62°° 11274 1.47°%
far 4.62°° 6.15 4 1.47°3 2.26°° 3.16°° 3.75°% 4193 4673
gm 7.837 7.07°% 1.66° 2.85° 6.96 ° 1.67°4 2.96°4 4.45 4
h 1.43°7 9.09°7 2.20°° 3.45° 3.12°° 6.01°° 1.41°% 2.8274
Tioal 6.16 5 6.92°4 1.78°3 3.11° 4,833 6.83° 9.033 1.17°2

E (keV/u) 2.65 2.97 3.29 3.61 3.93 4.25 4.57 4.89
so 7.26°° 1.07°4 1.60°4 2.40°4 3554 51174 7.09°4 9.48 ™4
po 5.62°° 7.77° 1.154 1.77°4 2.684 3.84°4 5.21°4 6.73 4
do 6.06°° 1.00°° 1.53° 2.23° 3.13° 4.20°° 5.37°° 6.57°°
fo 8536 1.38°° 2.07°° 2.93° 3.93° 5.02°° 6.15° 7.30°°
go 3.70°° 5.65° 8.12°% 11174 1.454 1.82°4 22274 2644
ho 76472 9.96 % 1.247? 1.51°7? 1.7872 2.07°? 2.3672 2.66 2
pm 5.86 4 6.52 4 6.59 4 6.46 4 6.54 4 6.91°4 7.50°4 8.20 4
dr 1.80°4 1.99°4 2.33°4 3.07°4 43274 5.81°4 7.19°4 8.25 4
for 5.24°8 5.89° 6.57° 7.26 2 7.9473 8.62°° 9.29°2 9.98°3
g 6.12°4 8.08 4 1.0473 1.33°° 1.68°° 2.09°° 2573 3.13°3
hw 5.00°4 7974 1.08°3 1.38°° 1.69°° 2.04°8 2432 2.90°3
Trotal 1.492 1.85 2 2.24°2 2.66 2 3.11°2 3.59°2 4.09? 4.63?

E (keV/u) 5.21 5.53 5.85 6.17 6.49 6.81 7.13 7.45
so 1.23°8 1.543 1.90°3 2.29°8 2.72°8 3.20°° 3.74°3 43273
po 8.38°4 1.01°3 1.20°3 1.39°3 1.59°3° 1.79°3 2.01°3 2223
do 7.71°° 8.74°° 9.66° 1.05°4 1134 1.20°4 1.2874 1.36°4
fo 8.41°° 9.45°5 1.044 1134 1.21°4 1.28°4 1354 1.41°%
go 3.07°4 3.50°4 3.93°4 435% 478* 5194 5.61°% 6.04 4
he 2.97°7? 3.27°2 3.58°? 3.89°? 41972 4,502 4.80°2 5.10°?
pw 8.99°4 9.87°4 1.09°3 1.20°3 1.33°° 1.47°3 1622 1.77°8
dmr 8.93°4 9.24°4 9.33°4 9.40°4 9.73°4 1.06°° 1.22°8 1.48°2
far 1.07°? 1.15 2 1.2372 1.332 1.43? 1.55 2 1.682 1.832
gm 3.76 2 4.483 5273 6.15 2 7.11°8 8.15°2 9.27°3 1.052
h 3.43°3 4,033 4673 5.35 % 6.05° 6.76 ° 7.45°3 8.14°3
Trotal 5192 5.78 2 6.3872 7.01°? 7.6872 8.37°2 9.09°? 9.86 2

E (keV/u) 7.76 8.08 8.40 8.72 9.04 9.36 9.68 10.00
so 4,983 5.69 % 6.48°3 7.34°8 8.28 9.30°8 1.042 1.16°2
po 2.44°3 2.66 2 2.883 3.10°8 3.31°8 3.533 3.738 3.933
do 1.45 4 1.544 1.65 % 1.76 4 1.89 4 2.02°% 2.16° 4 23174
fo 1.474 1534 1.59* 1.66*4 1.73°4 1.80°% 1.89°% 1.98°%
go 6.48°4 6.93 4 7.41°% 7.91°4 8.43°4 8.99°4 9.58 74 1.02°82
ho 5.40 2 5.69 2 5.982 6.27°2 6.55 2 6.832 7.11°2 7.3872
pm 1.933 2108 2.283 2.47°3 2.68°2 2.92°8 3.20°8 3.52°3
dm 1.86° 2.36° 3.00°° 3.78 ¢ 4693 57478 6.91°° 8.21°3
far 1.99°? 21672 2.357? 2.56 2 2.79°? 3.037? 3.29°? 3.56 2
gm 1.1872 1.32°2 1.46°2 1.62°2 1.7872 1.95 2 2132 2.32°2
h 8.80°% 9.43°3 1.00°2 1.06°2 1.11°2 1.16°2 1.2172 1.2672
Tiotal 1.07! 1151 1.241 1331 1.431 1531 1.631 1741

in a single impulse, and comes out with a large excess erenergy of 10 keV/u. Thg andu components are shown in
ergy. Such a process is analogous to electron capture to cotite upper(a) and lower(b) parts, respectively. We can see
tinuum in which the projectile transfers a part of its kinetic that the electron distributions tend to peak negtV,/2,
energy to the target in a constant rate and results free electram., the saddle point electron, but there is no linear relation-
with ve~V,,. ship toV, for electron velocityv, at the peak. Therefore, the
The ejected electron distributions of tigeandu compo-  maxima of ionization probabilities cannot be regarded as a
nents are shown in Fig. 5, as a function of ejected electrosaddle-point electron emission.
velocity, v, and impact parametel, at the fixed collision Tables 4-35 show the differential cross section data as a
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Fic. 3. Same as Fig. 2 except for the ejected electron energy is fixed al

€=0.01 Ry:(a) g components an¢b) u components.

function of partial wave numbers and 32 ejected electron
energieg0.01-1 Ry, one table per each of the 32 projectile
energies in the rang@®.1-10 keV/au.

.5. Charge Transfer and Target Excitation
3.5. Charge Transfer and Target Excitatio Fic. 4. Single differential ionization cross sections for proton—hydrogen

Figure 6 shows the cross sections of charge transfer an:ystem as a function of ejected electron energyd collision energ¥: (a)
g components andb) u components. Numerical values are obtained by

target excitation along with some earlier theoretical and eXpresent ETF-modified molecular close-coupling calculations with basis
perimental results. Our results are in good agreement witket C.
the experimental results and other rigorous calculations be-
low 6 keV/u. The agreement became less satisfactory as the
energy increases above 10 keV/u. Above 10 keV/u, the
higher-order corrections of the ETF's become important, and
additional discrete states need to be included in the MOCC The disagreement between the experimental measure-
calculations since there is a uniform increase in the numbements by Pieksmat al® and Shatet al.” is likely to be due

4.1. Experimental Data

of weakly coupled channels. to the very different schemes employed by these authors. A
_ crossed-beam method incorporating time-of-flight analysis
4. Data Evaluation and coincidence counting of the collision products were used

by Shahet al.” Their cross sections obtained in the energy
In the following, we will briefly discuss the differences range 1.25—-1500 keV/u were declared with very small ex-
between the experimental data, especially those that arise perimental uncertainties. In these experiments, a momentum-
measurements by Sha al’” and Pieksmat al.® and also  analyzed beam of protons from an accelerator adjustable in
the major disagreements of theoretical calculations. An abs@nergy(1.25—1500 keV/u was arranged to interseett right
lute agreement of the present calculations with the measurengles in a high vacuum region a thermal energy beam of
ments of Shalet al’ is stated here. highly dissociated hydrogen. Slow ions and electrons formed
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(@) 025 par'gially dissociated thermal hydrogen beam produced by a
- rf discharge source. Electrons were detected by means of a

magnetic time-of-flight(TOF) spectrometer, which could
collect the electrons ejected in the forward hemisphere as
long as the approximate transmission conditikising
=<0.42 a.u. was satisfied. Hekes the electron velocity and
¥ is the ejection angle with respect to the symmetry axis of
the spectrometer. The rf source Pieksetzal® used was
causing a severe background of slow electrons appearing as a
constant term in the recorded TOF distributions, a problem
which was dealt with by subtracting the TOF measured with
the rf source switched off. However, a complete suppression
was considered to be impossible by Piekszal® Further,
the difference spectrum was also to be corrected for the con-
stant background of uncorrelated rf source electrons. In ad-
dition, the electron spectrum of ionizing*HH, collisions
also had to be corrected for. The total ionization cross sec-
tions were then obtained by integration over the ejected elec-
tron velocity. This resulted in cross sections two times higher
than that of Shalet al.” at 6 keV/amu, which also decrease
much more rapidly with energy decreasing. The discrepancy
between the values of Pieksranal® and Shatet al” are as
large as the factor of-6 at the lowest energy consideréd
keV/amy.

In summary, the measured data from Stetal.” should
be recommended for thital ionization cross section be-
cause in their experiments all electrons and ions were ex-
tracted by very reliable methods. Pieksragal.® on the
other hand, accurately measured especially the electron ve-
locity distributions. Therefore their low-energy total ioniza-
tion cross sections are very small—subtracting the back-
ground rf electrons from the total signal in this region causes
a big problem due to the minor number of electrons pro-
duced by the proton-impact ionization.

Fic. 5. Ejected electron distribution for proton—hydrogen system as a func-
tion of electron velocityy ., and impact parametds, at the collision energy

10' bdP(b)/dv,

W
s 0K
"////:f.'a'

10' bdP(b)/dv,

E=10keV/u: (a) g components andb) u components. Numerical values 4.2. Theoretical Data
are obtained by present ETF-modified molecular close-coupling calculations
with basis set C. In order to compare theoretical results for the total ioniza-

tion cross sections of the proton—hydrogen system, refer
again to Fig. 1b), in which various calculations are com-
as collision products in the crossed beam region were expared for a broader energy ran@1-1000 keV/amu. Here,
tracted by transverse electric field and separately counted ke TICS values from Toshim&are 20% higher than the
particle multipliers. Product Hions arising from collisions experimental values of Shahetal®® around E
with H, or other background gas species were recognized by 100 keV/amu, yet they are in a good agreement in the high
their characteristic times of flight to multiplier. The required energy region. Triple-center close-coupling calculatidhs
H™ ions from the ionization process could be distinguishedpredicted the cross sections at low to intermediate energies to
from those arising from the charge transfer process by counbe larger than the high-accuracy measurement faia to a
ing the H" ions with the electrons from the same ionizing factor of 2, and they decrease much faster at collision ener-
events. gies above 50 keV/amu. They are also found to oscillate with
Experimental studies by Pieksmet al.® on the other collision energies. The continuum distorted wave eikonal ini-
hand, focused especially on the identification of saddle-pointial state(CDW-EIS) approximation, is a high energy theory
electrons which are to have a half of the collision velocity inby Crothers and McCanit. The CDW-EIS calculated cross
the asymptotic space region. They also produced total ionsections are in a good agreement with the measurements by
ization cross sections &1.—6) keV/u, which were found to  Shahet al®® for energies above 25 keV/amu. All the above
follow such characteristic dependence on the collision veloctheories predicted TICSs decreasing much more rapidly than
ity near the very threshold. In the experiments by Pieksmaur results and the experimental datelow 1.5 keV/amu.
et al.® a pulsed stabilized proton beam was crossed with aVithin the entire energy region dealt with in the present
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TaBLE 4. Single differential cross sectiofi® 10 % cn?) at E=0.10 keV/amu

€ (Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so 7.80°7 7.657 7.49°7 7.30°7 71107 6.90 7 6.70°7 6.50° 7
po 3.32°° 3.31°° 3.29°° 3.27°° 3.25°° 3.22°° 3.20°° 3.17°
do 23177 23177 23277 2.33°7 2357 23877 2437 2.49°7
for 5.73° 5.80°° 5.87°° 5.94°° 5.98° 5.97° 5.85° 557°°
go 7.387 7.2477 7.087 6.917 6.73°7 6.54 7 6.36 7 6.18 7
ho 3.29°6 3.31°6 3.63°6 4356 5.54°6 7.16°6 8.94°6 1.03°°
pm 3514 3.47% 3.434 3.41°4 3.404 3.42°4 3.48 4 3574
dmr 1.65° 1.65° 1.65° 1.65° 1.647° 1.67°° 1.59°° 1.547°
for 9.95 6 1.01°° 1.02°° 1.03°° 1.02°5 1.00°° 9586 8.87°6
gm 1.09?’ 1.1(r§° 1 10;0 1 11*;0 1.1Z§° 1.1Z§° 1 1(r§° 1.04r;°
ha 3.86° 4.04 4.25 4.48 475 5.03° 5.29° 551"

€ (Ry) 0.010 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 6.30°7 6.057 57277 5277 4757 43177 4.047 3.697
po 3.14°% 3.11°° 3.08°° 3.03° 2.98° 2.90°° 2.81°° 2.71°
do 2577 2.6477 2677 2.657 2627 26477 2,747 2,777
fo 5145 4.67° 4.38° 450 4845 4.62°° 3.60° 3.27°°
go 6.01°7 5827 5.557 5177 4677 42177 3.897 35477
ho 1.03°° 8.08°6 4.19° 1.34°6 2.99°6 7.33°6 5766 6.9477
pm 3.69°4 3.82°4 3.914 3.904 3.72°4 3.35°4 2.86°4 2.48 4
dmr 1.48°° 1.417° 1.35° 1.33°° 1.34°° 1.31°° 1.20°° 1.10°°
for 7.85° 6.54°6 5.11°° 3.88°° 3.35°°6 3.91°° 5436 6.80°°
gm 9.33;1 7.76§1 5.99r;1 4.63§l 432741 4961 5371 46141
h 5.62 5.55 5.26 4.81° 4397 4237 4447 4847

€ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 3.08°7 2.62°7 2197 1.79°7 1.43°7 1.09°7 8.33°8 5708
po 2.59°° 2.4475 2.28°° 2145 1.97°° 1.72°° 1.58° 1.30°°
do 2.62°7 26177 25377 2377 22177 2.057 17777 1.487
fo 3.62°° 2.58° 2.91°5 1.95° 2.16°° 1.61°° 1.09°° 8.82°6
go 2.957 2537 21277 1.63°7 1.26°7 9.338 6.08 8 3.69°8
ho 6.53°6 5.14°6 5476 6.89°6 1.14°° 9.68°6 1.11°° 1.33°°
pm 2.40°4 2504 2.34% 1.85% 674 1.58% 1.22°4 11274
dm 1.10° 1.01°° 9.23°10 8.79 10 7.91°10 7.10°10 6.61°1° 6.06 10
fr 6.28°6 3.70°6 2.35°6 4.07°8 3.70°¢ 1.60°© 2.95°6 1.15°©
gm 3.83§1 3.3T;1 2.15§1 2.82;1 1.99;1 1.66? 1.88;1 1.627 1
h 5.26° 5.45 492 4.82 5.10° 4.80 4.59° 4297

€ (Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 4338 3.02°8 2.02°8 1.47°8 1.08°8 8.41°° 6.60°° 5.26°
po 1.16°° 9.14°6 7.15°6 5546 4136 3.06 6 2.22°6 1.50°©
do 1.22°7 9.84°8 7.12°8 51278 3.27°8 2.02°8 1.09°8 5.43°
for 7.10°8 5.39°° 3556 2.05° 1.32°6 85277 4107 1577
go 2.03°8 9.22°° 2.97°° 4.25°10 8251 6501 1.15° 1.29°°
ho 1.59°° 1.60°° 1.43°5 1.04°° 8.35°6 7.37°6 5.22°6 3.48°6
p 8.52°° 7.00°° 557°° 4.19° 3.06°° 2.15° 1.48°5 9.83°6
dmr 5.44°10 4.8671° 44810 4,077 3.75°1° 3.45°1° 3.19°1° 2.92°10
for 1.86°6 1.09°6 59477 4607 3.4077 3.09°7 2.25°7 15177
gm 1.63° 1 1611 1.81°1 2.08 1 2.40 1 2771 3331 3.94 11
h 3.96°7 3.407 2.9477 24177 1.89°7 1.4477 1.03°7 6.89°8

work, the only consistent agreement between experiment arld a series of tables, we present single differential ionization
theory within the measurement error bars is that of the dataross sections resolved with respect to electron angular mo-

by Shahet al.” and the present results.

5. Conclusion

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004

mentum, energy of the ejected electron, and collision energy
of the nuclei. It is found that the upper electronic levels
promote ionization folg components, while in the case of
components the upper levels behave as trap for the ionization
flux to continuum, especially the excitation tgp2, state.

We have computed single-differential, partial, and totalThe present cross sections are in excellent agreement with
ionization cross sections for the proton—hydrogen atom colthe recent experiments of Shahal.” but decrease more rap-
lision system in the energy region of 0.1-10 keV/u. All dataidly than the cross sections measured by Piekstra® with
are included in numerical and graphical form with this paperdecreasing energy. The numerical data for all cross section-
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TaBLE 5. Single differential cross sectiofi® 10~ cn?) at E=0.42 keV/amu

€ (Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so 4.16°° 4.11°6 4.05° 3.99°°6 3.91°6 3.83 6 3.75°°6 3.65°
po 3.714 3.64°* 3574 3.48* 3.38°4 3.26°4 3134 2.98°4
do 1.00°8 1.02°6 1.05 6 1.08°6 1.11°8 1158 1.20°6 1.26°6
fo 4.41°4 4334 4234 41174 3.96 % 3.77% 3.544 3.26°4
go 2.97°6 2.91°6 2.86 6 2.79°6 2.73°6 2.66 8 2.58°6 2.51°6
ho 4.69° 4.61°° 4,555 45275 4575 4.70°° 4975 5.42°5

pm 3933 3.96 % 3.98°3 4.02°3 4.06 % 4108 4163 4223
dmr 2.1678 2.15°8 2.14°8 2.12°8 2.11°8 2.07°8 2.058 2.02°8
for 5765 5.79°° 5.80°° 5.81°° 5.79°° 5755 5.66° 55175
gm 1.31°8 1.34°8 1.37°8 1.41°8 1.45°8 1.49°8 1538 1.56°8
h 2.41°6 2.16°6 1.89°6 1.61°6 1.33°6 1.06°© 8.1277 6.23°7
€ (Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 3.54°6 3.41°6 3.26°6 3.08°6 2.85°6 2.57°6 2.24°6 1.91°6
po 2.81°4 2.61°4 2.40°4 2.16°4 1.90°4 1.63°4 1.36°4 11174
do 1.32°6 1.39°6 1.46°© 1.51°6 1.53°6 1.51°6 1.42°6 1.29°6
fo 2.9474 2.58* 2194 1.82°% 15274 13274 1.24% 1.20*

go 2.43°5 2356 2.27°5 2.18°6 2.06°6 1.90°© 1.69°6 1.44°°
ho 6.08°° 6.97°° 8.05° 9.17°° 1.00°4 1.03°4 9575 8.16°°
pm 4283 4343 4383 4.40°3 4378 4263 4.063 3.74°8
dmr 1.97°8 1.91°8 1.85°8 1.78°8 1.71°8 1.66°8 1.63°8 1.62°8
fr 5.29°° 4975 4555 4.04°5 3.47° 2.93° 2555 2.49°°
gm 1.58°8 1578 1548 1.47°8 1.36°8 1.21°8 1.05°8 8.70°°
har 5.28 7 5727 8.06 7 1.28°6 2.01°6 2.96°6 4.01°6 4936

€ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 1.65 6 1.51°6 1.47°8 1.38°6 1.17°8 9.38°7 7.20°7 5957
po 8.82°5 6.97°° 5.51°5 4325 3.27°° 2.42°5 2.02°° 1.91°°
do 1.14°8 1.05°6 1.02°6 9.66 7 8.8477 8.817 8.06 7 5987
fo 1.10°4 9.10°° 8.04°° 8.75° 7.92°5 5.65° 6.10°° 3.41°°
go 1.19°° 1.02°6 8.987 7.36°7 5117 3.72°7 27277 1.497
ho 7.24°5 8.48°° 1.15*4 1.22°4 8.50°° 9.32°° 1.29°% 8.03°°

p 3.34°3 2.90°3 2533 2323 22573 2153 1.87°3 1.48°3
dmr 1.61°8 1588 1528 1.49°8 1.48°8 1.43°8 1.37°8 1.358
fr 2.88°5 3.66°° 4435 4.49°° 3.33°° 1.58°° 1.06°° 2.16°5
gm 6.82°° 4.66°° 2.39°° 7.10° %0 1.85°10 4.05 %0 8.12° 10 7.95 10
h 5.45°6 5.39°6 4.78°8 3.72°6 2.52°6 2.03°6 2.48°6 2.74°6
€ (Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 5747 4307 3.48°7 3.10°7 2.38°7 1.987 1.61°7 1.23°7
po 1.86°° 1.77°% 1.54°5 1.31°° 1.03°° 8.13 ¢ 6.84°6 6.07°%
do 53177 3.97°7 2957 2177 1.45°7 8.56°8 4438 2.34°8
fo 2.95°5 2.18°° 1.37°° 1.03°° 5.80°° 3.56°6 1.59°6 6.47°7

go 9.16°8 3.77°8 1.28°8 2.36°° 7.95 10 2.92°9 4.87°° 5.76 °
ho 1.09°4 7.49°5 6.61°° 6.23°° 4735 3.30°° 2.467° 1.42°5
pm 1.24°3 1.07°3 8.01°% 6.27° 4 4584 3.33°% 2.26°4 1.51°%
dmr 1.29°8 1.26°8 1.22°8 1.1678 1.11°8 1.058 9.92°° 9.23°°
fr 2.15° 7.11°8 1.09°° 7.37°6 5576 3.19°° 3.37°6 2156
gm 3.03° 1 1.16°1° 224710 1.37°10 1.85°1° 1.83°10 2.38°10 2.97°10
hw 2.51°% 2.09°6 1.83°6 1.55°6 1.25°6 9.4477 6.86°7 46277

spresented here were obtained with a semiclassicalelocity distributions of ionized electrons. Hidden-crossing
molecular-orbital close-coupling method using the electrorcalculations yield different results based on the promotion
translation factor. This method provides all measurable quarmechanisms considered. Also the previous close-coupling
tities in the real coordinate space before the total ionizatiortalculations differed based on the number of expansion cen-
cross sections can be finally calculated. ters and did not exhibit a fully satisfactory agreement with
Previous experimental and theoretical methods were critithe experiments. Within the energy region of 100—10 keV/u
cally evaluated throughout the manuscript, especially in Seconsidered here, the only consistent agreement between ex-
4. For the total ionization cross sections, the data by Shaperiment and theory until present is that of the data by Shah
etal! are recommended. Experimental data reported bt al.” and our results. The state-resolved differential cross
Pieksmaet al® provide valuable insight, especially into the sections are reported for the first time, in this detail.
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TaBLE 6. Single differential cross sectiofi®m 10~ cn?) at E=0.74 keV/amu

€ (Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so 1.15°° 1.14°° 1.12°° 1.11°° 1.09°° 1.07°° 1.05°° 1.02°°
po 2.93° 2.89°° 2.8473 2.79°° 2733 2.66°° 2.58°° 2483
do 3.76°6 3.67°6 3.58°6 3.47°6 3.34°6 3.21°6 3.06°6 2.90°°6
for 1.06°° 1.0473 1.02°3 9.9474 9.66 * 9.33°4 8.954 8.50°%
go 5.98 6 5876 5746 5.59 6 5.42°6 5.22°6 4996 4.72°8
ho 1.08°* 1.07* 1.06*4 1.05* 1.03* 1.01% 9.84°5 9.52°5
pm 7.76°8 7.80°° 7.843 7.89°° 7.953 8.02°3 8.10°3 8.183
dmr 1.15°7 1.13°7 1.10°7 1.08°7 1.05°7 1.0277 9.92°8 9.59°8
fr 2.36°4 2.38°4 2.39°4 24174 24174 247274 24174 2.39°4
gm 6.13°7 5997 5.84 7 5.66 7 5.46 7 5237 4977 4.687
ha 3.49°4 3474 3.454 3.42°4 3.38°4 3344 3.29°4 3.23°4
€ (Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 9.98°6 9.73°6 9.49°6 9.28°6 9.09°¢ 8.93 6 8.77°8 8.54°6
po 2.38° 2273 2143 2.01°3 1.86°° 1.71°3 1.56° 1.40°3
do 2.73°6 2576 2476 2.31°6 2.26°6 2.30°6 2.44°6 2.68°6
fo 8.00 % 7.43°4 6.82°4 6.18° % 5.55 4 4974 4.48 4 4104
go 4.43°° 4126 3.80°¢ 3.48°6 3.20°¢ 2.96°6 2.79°8 2656
ho 9.15°° 8.74°5 8.33° 7.98° 7.76°° 7.75° 7.91°° 8.02°°
pm 8.28 3 8373 8.45°3 8.51°° 8523 8.46 3 8.29°3 7.97°3
dmr 9.25°8 8.90°8 8558 8.20°8 7.858 7.50°8 7158 6.81°8
fr 2.35% 2.28°% 2,184 2.03% 1.83°% 1574 1.27°4 9.52°°
gm 4357 3.997 3.60°7 3.187 2,747 23077 1.88°7 1.5077
h 3.15% 3.05¢4 2,934 2784 2,594 2.36°% 2.09°% 1.79°4
€ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 8.14°6 7.47°8 6.57°° 5626 4.86° 4376 4.03°° 3.75°°
po 1.2473 1.08°2 9.2474 7.63°4 5.96 4 43774 2.87°4 1.83°4
do 2.97°6 3.22°6 3.30°° 3.15°6 2.81°6 2.25°6 1.45°6 9.317
fo 3.80°4 3.49°4 31274 2.69°% 22004 1.60% 9.33°5 5.80°°
go 2.46°6 2146 1.67°° 1.19°° 9.03°7 7.67°7 5.26 7 2.69°7
ho 7.75°% 7.05° 7.035 9575 1.38°% 1344 8.54°5 1.03°4
pm 7.49°3 6.87 3 6.17° 2 55172 5.00 % 47073 4.453 4.03 3
dm 6.47°8 6.16°° 5.88°8 5638 5.36 8 5118 5.02°8 5.03 8
fr 6.48°5 4.167° 3.03° 3.16°° 3.90°° 4.07°° 3.01°° 1.77°°
gm 1177 9.23°8 7.44°8 6.21°8 5.22°8 4138 2.77°8 1.36°8
h 1.46°4 1.134 8.22°5 5785 4.23° 3.68°° 3.82°5 3.83°5
€ (Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 3.38" 2.75°6 2.36° 2.11°6 1.70°6 1.42°6 1.13°°© 8.96 7
po 1.21°% 7.93° 4.8475 3.42°5 2.89°° 2.36°° 1.63°° 1.02°°
do 1.01°¢ 8.65 7 6.16° 7 3.26°7 2.64°7 1557 8.558 4.2478
fo 5.38°° 4.11°° 2.84°° 1.97°° 1.0475 9.01°° 2.90°6 1.88°6
go 1777 7478 3.09°8 6.95° 3.31° 6.51°° 1.00°8 1.07°8
ho 1.144 1.09* 9.585 9.535 7.89°° 6.22°° 4.47°° 3.53°5
p 3.36°° 2,738 2.29°3 1.83° 1.36°° 1.02°2 7.06 4 4.81°%
dmr 4878 4.64°8 4.4478 4338 4.09°8 3.89°8 3.658 3.40°8
for 2.10°° 3.07°° 2.08°° 1.03°° 1.58°° 7576 7.83°6 3.92°6
gm 4.24°° 1.14° 1.71° 1.66° 39710 4.42°10 3.58 10 48010
har 3.21°% 2.21°° 1.41°° 1.10°° 8.29°° 5226 3.45°6 2.09°6
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TasLe 7. Single differential cross sectiongin 10 '®cn?) at E
=1.06 keV/amu
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TaeLe 8. Single differential cross sectiongin 10 ®cn?) at E
=1.38 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so 270° 268° 265°% 262° 259° 2555 250° 245° soc 5.41°% 540° 5.38° 537° 536° 535° 5345 533°
poc 8.44° 836° 826°% 816°% 8042 790° 7.73° 754° poc 1662 1652 1.632 1.6172 1.582 1552 1.522 1.497?
do 3.09°° 3.09°° 3.08° 3.08° 3.07° 3.07° 3.07° 3.07° do 9.55° 950° 9455 9.38° 9.30°° 9.20° 9.07° 893 °
fo 1.817° 1.80° 1.79°% 1.77° 1.76°% 1.75°% 1.73° 1718 fo 2.77% 270° 2.63°% 2553 245°% 2353 223° 21178
go 1.18°% 1.17° 1.16° 1.14° 1.13° 1.11° 1.08° 1.06° go 1.24°% 122°% 1.19° 1.16° 1.13° 1.10° 1.06° 1.01°
ho 1194 1.23% 1.27% 1.327% 1.38* 1.45* 153% 1.62* ho 1.33% 1.33% 1.34% 1344 1.34% 1.34* 1.34% 1.34*
pr 1462 1.442 1422 1392 1362 1.332 1.292 1.24°? pm 1.852 1.852 1852 1.842 1.842 1.832 1.82% 1.81°?
dr 2.75° 2.68° 2616 2526 2436 2336 2226 210° dr 1.28°% 1.25°% 1.2275 1.18°% 1.14°% 1.10° 1.05° 9.93°6
for 3144 292% 268% 2434 216* 1.89* 1.62¢ 1.36* fo  229°% 223% 215°% 207° 1.97° 1863 1.74° 160°
gr 1.15°% 1.15°% 1.14° 1145 1.13° 1.12° 1.11° 1.09° gm 3.41° 3.39° 336° 3.33° 3.30° 3.27° 323° 3.19°
hm 3234 3224 3.20% 3.19* 3.18* 3.18* 3.18* 3.19* hm 4824 4694 4534 437% 419* 400* 3.79% 358*

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 ¢(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so  2.40° 2345 2275 220° 2125 205°% 1.97°% 1.90° so 5.33°% 5335 534°% 5355 537°% 5375 5355 5295
poc 7.33°% 7.08° 680° 6.48°% 6.11°% 571° 526° 4.77° po 1452 14072 1352 1.302 1.242 1172 1102 1.02°?
do  3.08° 3.09° 3.10° 3.12°° 3.13° 3.14° 3.12° 3.05° do 8.75°% 853° 827°% 7.95°% 7585 7.15° 6.66° 6.13°
fo 1.69° 1.67° 1.64° 1.60° 1.56° 1.49°% 1.40°% 1.28°3 fo 1.97° 1.83° 1.68° 1.54° 1.40° 1.28°% 1.18°% 1.11°°
go 1.02° 9.75% 92175 8546 7.736 6.77% 570° 4.61° go 9.66° 9.18° 871° 8.28° 7.936 766° 7.48° 7.31°°
ho 17274 1.82% 1.90% 1.97* 1.99* 1.94* 1.81* 158" he 1334 13274 1.29% 1.25% 1.217% 1.16* 1.14* 1.17*
pr 1.20% 1152 1092 1.042 983 % 933 ° 891° 8.61° pw 1802 1772 1.742 1702 1.642 1572 1492 1.397?
dr 1.96° 1.82% 1.67° 1517 1.346 1.17°% 1.01°® 8417 dm 9.34° 871° 805° 735% 6.626 588° 514° 441°°
fr 1124 9.39°° 8.24°5 8.01° 889° 1.10* 1.42* 1.82°* fr  145°% 1.28° 1.11° 9.19* 7.27% 541* 3.70* 2.27*
gm 1.07° 1.05° 1.02° 9.80° 9.31° 870° 7.95° 7.06° gm 3.15°% 3.10° 3.05° 3.00° 2945 2875 2785 2.67°
hm 3.217% 3.24% 3.28% 3.33% 3.37* 340* 3.39% 3.33* hm 3374 315% 2.95% 2.76% 2.60* 246* 2.36* 2.28*

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 1.83° 1.76° 1.68° 159° 1475 1315 1.14° 1.01° so  5.15° 4.91° 456° 4.12° 3.64° 3215 2.86° 260°
po  4.26°% 374°% 322°% 271°% 2233 1.78° 1.34° 9424 po 9.26° 829° 7.25°% 6.17° 510° 4.08° 3.19°% 2453
do 291°° 268° 2.33° 1.89° 1.41° 959° 6.37° 519° do 559° 508° 466° 4.37° 4.18° 3.98° 354°% 2725
fo 1.12°% 9.28* 7524 6.327% 570* 4904 3.20% 1.52* fo 1.08% 1.06° 1.05° 1.03% 9.73* 866 “* 6.86* 4.53*
go 359° 279° 2276 1956 164° 1.26° 9.087 6.27 7 go 7.02° 6.39° 5256 3656 206° 1.05° 7.457 596"
ho 1.297% 1.00% 8.16° 8.23° 1.05% 1.35% 1.41% 1.20* ho 1.26% 1.41°% 151% 1474 1.37% 1544 2.03% 2.00*
pm 8.47°% 847° 858° 8.66° 852°% 8.02°% 7.13° 6.09° pm 1282 1172 1.062% 9.78% 9.23°% 897 % 881° 845°
dm 6.877 5477 4267 3297 2577 2077 1737 1.46° drm 3.69° 3.01°% 237° 1.81° 1.346 9707 7167 5517
fr  2217% 2.49% 2524 223% 1.65* 9.51° 450° 3.29° for  1.25% 7.48°5 7775 12274 1.827% 218* 2.02% 1.36*
gm 6.03°% 491% 3756 267° 1.76° 1.10° 7.067 4.86° gm 252°% 233°% 207°% 1.74° 1.36° 9.60° 598° 330°
hw 3.19% 295% 2594 211% 1.57* 1.02% 560° 2.75° hw 22274 2154 2.05% 1894 1.65* 1.32% 9435 565°

e(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 9.42° 877°% 762° 6.35° 550° 4.61° 3.66° 2.93° soc  241°% 222°% 1.92°% 159° 1.35°% 1.145 9.05° 7.19°6
poc 6.28% 4104 2524 1.28* 6.69° 4.63° 3.38° 253° poe 1.81° 1.24°% 750* 411* 2.28* 1.16* 565° 3.86°
do 5.30° 430° 2.06°% 7677 6.017 3387 1177 7.73°¢ do 1.70° 9.19° 5716 4626 256° 6.827 3597 1.457
fo 1.027% 8435 6.91°° 3.07° 1.53° 9.09°¢ 7.62°¢ 2.73° fo 2.66% 19274 1.33% 6.01'° 3.46° 1.87° 573° 3.09°
go 3437 17107 7.65°% 2258 916° 7.98° 1.13° 1.30°8 go 3267 2407 1.707 5288 2758 2278 2198 2208
ho 1.33% 1.44% 1.22* 1.01* 8.68° 6.89° 5.83° 4.05° ho 1.43% 2.04% 1.75% 9.217°° 1.13% 1.03* 6.10° 4.57°
pm 5.24°% 465° 404°% 323°% 250°% 1.93° 1.38° 9.65* pm 7.65° 651° 543° 461° 3.80° 290°% 2.17°% 155°3
dr 1227 1.047 950° 9.068 8498 7888 7478 6.83°¢ dr  4.347 3407 2737 2427 2207 1917 1.707 1537
fr 4.27° 3.78° 1.85°5 2.06° 2.73°% 1.16° 1.30° 7.48° fr  6.327° 324°% 380° 3.19° 1.53° 230° 1.84°% 9.80°
gr 3297 1837 6.92% 150° 8.89°° 1.03% 1.76° 1.56° gr 1.75% 1.04° 6397 2997 8348 1758 2188 884°
hm 1.83°% 1.95°% 1.975 1.38° 7.256 4916 362°¢ 2.03° hm 2.6275 820°% 2558 4456 6016 3956 1.78¢ 150°°

In the prolate spheroidal coordinates, the corresponding
Schralinger equation is separable, and we obtain for the
wave function components

d2

dé

d
(£-1)

=0,

dé

2

2

£-1

d 2
F&_M Q(¢)=0,

(A2)

+RZ - cX(E—1)+A|X(&R)

(A3)

dn

d
— (1— %) ——
A=), 1=

XY(7,R)=0,

7

+RZ,p—c?(1- 7% —A

(A4)

wherec is the energy parameter, i.e=—2c?/R? (discrete
statg or e=2c?/R? (continuum state Z, andZ_ are charge
parameters given by, =Zg+Z, andZ_=Zg—Z, . Hereu
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TasLe 9. Single differential cross sectiongin 10 '®cn?) at E TaeLe 10. Single differential cross sectionéin 10 ®cm?) at E
=1.70 keV/amu =2.02 keV/amu

e€(Ry) 0010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so  117% 1164 1.15% 1.14*4 1124 1.11% 1.09*4 1.07* s 1.89% 1884 1.86* 1.84*4 1.827% 1.80* 1.77% 1.74*
poc 2.862 2832 2802 2762 2712 2662 2602 25472 po 4432 4392 4332 4272 4202 4132 4042 3.947?
do 137% 1374 1.38% 1.38“ 1.38% 1.39* 1394 1.40* do 17774 1.76% 1.76% 1.75% 1.75% 1.75% 1.74% 1.74*
fo  4.917° 4.90° 4883 4.86° 4.84°% 4813 477° 4728 fo 3.227° 320°% 3.19° 3.18° 3.16°% 3.14° 3.12°° 3118
go 7.59° 7.68° 7.79° 7.93°% 810° 830° 853° 8.79° go 297° 2855 272°% 258° 2425 2245 2045 1.84°
ho 1604 159% 1.59% 1.60* 1.62* 1.64* 1.69* 1.75* hoeo 3.71% 357% 341% 3.25% 3.08% 2914 2734 2574
pm 1452 1462 1472 1492 1502 1522 1532 15572 pm 14172 1412 1412 1412 1402 1402 1.41°% 1.41°?
dr 3.05° 2.99° 2925 2.83°% 2745 2645 2535 240° dr 5.76° 565° 552° 538° 5225 504° 4.83° 4.61°
for  4.26°% 4.217% 4143 407° 398° 3.88°% 3.76° 3.62° fr 5.44° 542°° 538°% 534°% 529°% 523°% 5152 506°
gm 8.12°5 8.01° 7.88° 7.745 7585 7415 7.21°° 7.00° gr 1694 1.66%4 1.63* 1.60* 1.56* 1.52% 1.47 % 1.42*
hm 1.46° 1.43° 1.39°% 1.34°% 1.29° 1243 1.18° 1128 hm 2.85°% 2.80° 2.75°% 268°% 261°% 253° 2453 2353

€(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 1044 1.01* 9.83° 950° 9.13° 875° 8.36° 7.98° so  1.71% 1.67* 1.63% 159% 1544 1.49* 1.44* 1.38*
poc 2472 2382 2292 2202 2092 1972 1852 1.71°? po 3.832 3702 3562 3412 3242 3062 2862 2.65°?
do 1.40“ 1.40“% 1.40* 1.39% 1.38% 1.36 % 1.334 1.28* do  1.74% 1734 1734 1.74* 1.74% 1754 1754 1.75*
fo 4.65° 457° 447° 434°% 417° 3.96° 369° 335° fo 3.09° 3.07° 3.05° 3.04° 3.03° 3.02°% 3.02° 3.01°
go 9.06° 9.31°% 950° 9576 9436 8976 812° 6.84° go 1.62° 1.39° 1.185° 9736 7996 6.71° 596° 575°
ho 1.84% 1.98*% 2.15% 2.38* 2.66* 2.98* 3.30* 3.56* ho 2424 2304 2224 219% 2234 2374 263* 3.04*
pm 1582 1602 1622 16472 1662 1.672 1672 1.65°? pm 1412 1422 1432 1452 1472 1502 1532 15572
dm 226° 212°% 1.96° 1.79°° 1.62°° 1.45° 1.27° 1.09° dm 4.37° 4.10° 3.82° 352° 3205 2875 2545 221°
fr  3.46° 326° 3.04° 2.78°% 249°% 216° 1.80° 1.43° fr  4.95° 481° 464° 4.43° 417 ° 3.86° 3.49° 3.07°
gm 6.78° 6.54° 6.29°° 6.03° 577° 5525 528°% 505° gr 1364 1.30% 1.24% 1.17* 1.094 1.024 9435 8.73°
hm 1.05° 9.80“ 9.04% 8.26* 7.46* 6.65* 585* 506 * hm 225% 213°% 202° 1.89° 1.75°% 1.61°% 1.47°% 1.31°

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 7.65° 7.38°% 7215 7.11° 7.01% 6.81°° 6.40° 577° so 13274 1.27% 1.21% 1.15% 1.09% 1.04* 9.84° 9.17°
poc 1572 1422 1272 1112 950° 7.88° 6.29°° 4.80° po 2432 2202 1962 1.727% 1.482 1242 1.022 8.09°
do 1214 1.11% 9945 856° 7.13° 585° 4.89° 4.28° do 1.75% 1.73% 1.68* 158 % 1.43% 1.22% 9745 7.32°
fo  2.94°% 247°% 1962 1.46° 1.05°% 7.98* 6.96% 6.42°* fo 3.0 2.99°% 2943 283°% 260° 2.20° 1.64° 1.05°
go 526° 3.68° 252°¢ 2136 2396 2556 1.88° 7.06" go 594° 6.15° 591° 489°% 3236 1.71% 1.10° 1.22°°¢
ho 3.66% 350% 3.05% 2444 195% 1,784 1.70% 1.47* ho 3.627% 436* 5.18% 584* 598* 5264 3.80% 2.37*
pr 16172 1542 1.452 1.332 1.202% 1.072 9.80° 9.20° pm 1582 1592 1572 1522 1442 13272 1192 1.06 2
dr 9.24°% 761° 6.08° 4.68° 3466 2456 169° 1.19° dm 1.89°° 1.58° 1.29° 1.02° 7686 5526 374° 243°
fr 1.06° 7.06% 4.12% 2.03% 9.75° 8945 1.38% 1.80* fr 259° 2.06°% 1.527% 1.01°% 582* 2.80* 1.297* 1.09*
gm 4.82°% 459° 4325 3975 3515 291° 219° 1.44° gm 8.08° 7.49° 6.97° 6.49°5 5975 5345 450° 345°
hm 4.30% 356* 2.85% 2.18% 1.57* 1.06* 6.81°° 4.42° hm 1.15° 9.85* 8.10% 6.30* 451 % 2854 1.48* 570°

€(Ry) 0.353 0.410 0476 0552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so  5.03° 430° 3.70° 3.25°% 2.77% 2235 1.78°% 1.41° soc  8.34°% 7.37° 6.39°5 5475 4625 3835 3.08° 240°
poc 3.49°% 2443 164° 1.04° 579% 2.77% 13274 6.45° poc 6.18°% 4.47° 301° 1.89° 1.13°% 6.35% 2944 1244
do 3.81° 3.08° 1955 9.41° 4956 3246 1.21¢ 2977 do 5.44° 4255 3435 245°% 1.29° 5576 2.99¢ 1216
fo 53174 3.79% 229% 1.25% 9745 331°% 1.317° 7.17° fo 6.43% 463% 355% 259* 158* 833° 380° 9.35°
go 1517 2207 1.697 1.237 1.087 490° 4.06° 4.07°8 go 1.03° 4357 2387 2737 1.967 1.347 7.02°% 4738
ho 1.86% 2.93% 228* 1.727% 1.68* 8.40° 7.98° 6.66° ho 1.74% 1.77% 2.07* 2.36* 1.66* 1.38* 8.39° 6.79°°
pm 8.75°% 8.11°% 7.07°% 585°% 481°% 391° 296° 2.15° pm 9.64° 892° 8.19° 7.15°% 589 % 475°% 376° 2.79°
dr 8917 6.847 5147 4037 3627 3257 2737 2487 dr 1.60°°% 1.13% 8397 6.107 4727 4217 3.66 7 3.197
fr 1634 9.40° 3.64°5 2925 3.15% 165° 1.91° 1.78° fr  1.45% 1534 9995 382° 236° 266° 155° 1.79°°
gm 7.95° 381°% 1.90° 1.11% 5437 1557 3.01% 3.08°8 gm 229° 1.26° 577°% 265° 1.46° 6677 1.677 3.63°
hm 3.20°% 255°5 1.79°5 8.13% 2376 3.13°% 391° 1.89° hm 1.885 2045 3425 354° 196° 551°° 411° 511°°

andA are the separation constants. The solution of(@g)  Where C,(R) is the normalization constant, and functions
gives Q(¢) =explium)/{27}. Finally, the electronic bound- Xk(§,R) andY,(#,R) describe the quasiradial and quasian-

and continuum-state wave function gular motions of electron, respectively. The indeXabels
the component of electronic angular momentum on Ehe
o R) =@ (€, 7,0;R) axis. Several methods have been developed through the years
which can treat these kinds of differential equatidA®),
can be factorized and written as (A3), and (A4) in which the separation constaAtand en-
ergy constant areR dependent®-3
ok(£,7,6;R) = Cl(RIX(&R) Yi( i R)expli w) /2, The bound state wave functions boti¢,R) andY(7,R)

(A5)  can be expanded in a suitable power sefiksre are several
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TasLe 11. Single differential cross sectiongn 10 ®cn?) at E TaeLe 12. Single differential cross sectionéin 10 ®cm?) at E
=2.34 keV/amu =2.65 keV/amu

e€(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so  2.81% 2794 2774 2.74% 27274 2.68* 2644 2.60° soc  4.09% 4.08* 4.06% 4.04* 4.01% 3.98* 3.94* 3.894
poc 6.282 6.22°2 6.152 6.072 5982 5872 5762 56272 po 8252 8182 8.092 7.9972 7.882 7.752% 7.602 7.447?
do 2924 289% 286% 2824 2784 2.73* 2684 2.62* do 476 % 470% 464 % 457* 4494 440* 430* 4.18*
fo 3.95° 390°° 385°% 3.79°° 3.72°° 3.64° 356° 345° fo 5.92° 586° 578 ° 5.70° 561°° 550° 537°% 5233
go 7.99° 7.88° 7.75°% 7.59° 7.40° 7.18° 6.92° 6.62° go 1144 113% 1124 1114 1.10% 1.09* 1.07* 1.05*%
ho 1362 1.327% 1.27° 1.227% 1.16° 1.10° 1.04° 9.65* ho 1.60° 1.57% 153 % 1.49°% 1.44° 1393 1.33% 1273
pm 1902 1.88°2 1.862% 1.842% 1812 1.782 1.752 1.72°? pm 2612 2582 2552 2522 2482 2432 2382 2332
dr 9.89°° 9.71°% 9.51°° 9.285 9.027° 8.73° 8.41°° 8.05° dr 158% 1564 1.53% 1.49* 1.46% 1.41* 1364 1.317¢
fr 6.29° 6.27° 6.24°° 6.21°° 6.17° 6.13° 6.08°% 6.01°° fo  7.49°% 7.45% 739°% 7333 7.27°% 7193 7.11°% 7.02°8
gm 3.03% 299* 2944 23884 2824 2754 267* 258* gm 4904 484*% 4764 4.68% 459% 4.48* 4364 42274
hm  4.643% 4583 450° 4413 4317° 421°% 4.09° 3.96° hm 7.19° 7.08° 6.97° 6.84° 6.69° 654° 6.36° 6.18°3

€(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 2544 2484 2414 2334 2254 215% 2.05* 1.94* so 3.84% 377% 369“ 360“ 3.49“ 3.36% 3.21* 3.04*
poc 5472 5302 5112 4892 4662 4412 4132 3.84°? po 7252 7.032 6.79°2 6.532 6.232 5902 5552 51772
do 2564 2504 2434 2364 2284 2214 2.14* 2.08* do 4.05% 3.91* 3.76 % 358* 3404 321“ 3.00% 2.80*
fo 3.34°% 321°% 3.07°% 292°% 276° 260° 2.44° 229° fo 506° 487° 465° 4.40° 4.12° 3.81° 347° 3.10°
go 6.26° 585° 537° 4825 4.217° 356° 2.89° 223° go 1.02% 993° 955° 9.09°° 8535 7.85° 7.03° 6.09°
ho 8924 816% 7.40* 6.66* 595% 530% 4714 422 ho 1.20° 1.14°% 1.07° 1.00°% 9.36* 8.76 * 8.20* 7.66 ¢
pr 1692 1662 1.62°2 1592 1562 1542 1532 15272 pm 2272 2202 2122 2042 1962 1882 18072 1.727?
dm 7.65° 7.22°°5 6755 6.25° 5725 5175 461° 4.05° dr 125% 1.18* 1.11* 1.03* 9525 866° 7.77° 6.87°
fr 594° 5843 573°% 5583 540° 517° 488° 451° fr 6.92° 6.81° 6.69° 6.55° 6.38° 6.19° 594° 565°
gm 2474 2364 2244 2104 1964 1.81“% 1.66* 1.50* gm 4.06“% 3.89* 3.70* 3.49* 3264 3.01% 2764 249*
hm 3.82°% 3.67°% 351°% 3.34°% 317°% 298°% 2.78° 256° hm 598°% 5772 554°% 531°% 507°% 482° 456° 4.28°

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 1844 1.74% 165% 157% 1504 1.45* 13974 1.32°¢ so 2.85% 265% 245% 2254 2084 1.93* 1824 1.73¢
poc 3532 3202 2872 2522 2182 1832 1502 1.197? po 4772 4352 39172 3472 3.022 2572 2132 1.70°?2
do 2.027% 1.98% 1944 1914 1874 1.78* 1.62°% 1.37* do 2594 2404 2234 2094 1.9974 1.91% 1.84% 1.74%
fo  2.17° 2082 2.04°% 2053 210° 2.16° 2.18°% 2.00° fo 2.73°% 237° 2.04°% 1.78°% 1.61°% 1553 157° 1.66°
go 1.64° 1.17° 853° 6.86° 598° 495° 3.35° 1.77° go 5045 3.94° 2885 1975 1325 920° 6.86° 4.82°
ho 3.83% 3.60% 3.62* 4.03% 487 % 590* 6.44 % 574* ho 7.09% 6.40% 555% 4594 383% 3.74*% 455% 566 *
pm 1532 1542 1552 1552 1532 1.472 1372 1.24°? pm 1662 1612 1582 1562 1.552 1.532 1.47°2 1.38?
dm 350° 296° 246° 2.00° 1.56° 1.17° 8.31°% 547° dr 5.98° 5125 4315 355° 286° 2235 1.66° 1.16°
fr  4.07° 353° 292° 2263 159° 9.84* 515% 2.32* fr  5.27° 480° 4.23°% 3552 280° 2.01° 1.28° 6.927*
gr 1.35% 1.227% 1.09% 9.90°° 9.00° 8.175 7.24% 6.06° gr 2224 196* 17274 151% 1.33% 1.18* 1.05* 9.15°
hw 2.33°% 2.08°% 1.79°% 1483 1.15° 817 * 5.02°% 2.43* hm 3.98°% 364° 325°% 280° 230°% 1.753% 1.20° 6.98*

€(Ry) 0.353 0.410 0.476 0552 0.640 0.743 0.862 1.000 e¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

s 1.21% 1.07% 9.217°° 7.88° 6.78° 5715 460° 3.65° sc 1634 150* 1.317% 1.10* 9.20°° 7.835 6.50°° 5.13°
poc 9.23°% 691° 495° 3.28°% 1.96°% 1.09°% 5.82% 2574 poe 13172 976°% 7.06° 4.92°% 3.17° 1.81° 9.41* 468*
do 1.05% 7.29°° 4985 360° 253 ° 1.385 552°¢ 246° do 154 % 1234 860° 549° 3.61°° 2405 1.28° 4.77°¢
fo 1.55° 9.40% 497 % 3.19* 241% 166* 7.18° 2.72° fo 1.717% 1.52°° 1.03°% 5194 285% 213 * 1.45% 5275
go 1.03° 8467 5477 3677 3697 2857 1467 6.42° go 2.70° 1.26° 72177 5247 4637 4277 2987 1.26°
ho 3.90% 2204 1.73% 1934 1.80* 155* 9.65° 7.81°° ho 5.78% 453% 3.04* 2064 1.84* 159 1.25% 7.35°
pm 1.11°2 9.88° 8.95°% 8.07°% 6.94°% 564 ° 4473 343° pm 1252 1112 9.83° 8.78°% 7.74°% 650° 518 % 4.02°°
dr 3.39°% 2.08° 1.37° 9667 6.787 5177 4.447 3.86 " dr 7.42°% 4427% 2596 1656 1.12°% 7617 5667 4797
for  1.317% 1.34%4 1.37* 886° 3.327° 2.07°% 2135 1.41° for  3.21% 1.64% 1.36* 1.20% 6.83° 2495 1.90° 1.67°
gm 459°% 297° 157° 6.77°% 3.04°% 1.60° 6.237 1.26° gm 7.48° 545° 333° 1.62° 6.63° 3.04° 1.47° 4357
hm 7.50° 1.14°% 250° 551°° 5485 267° 6.78° 6.19° hm 3.10% 8.00° 1.15° 4525 8.19°° 6.58° 2.41° 650°°

possibilities’>*? e.g., obtaining recursion relations for the and the angular wave function(»,R) is expanded in
coefficients and solving them by matrix or infinite continued
fraction methodp In the present study, the radial wave func- Y(n;R)=exp —cn) >, dPf(n). (A7)
tion X(&,R) is expanded in 1=
¢ Here P{*(7) denotes the associated Legendre polynomials.
TR (£2 1 \m/2 o _ s The obtained three term recursion relationsgpandd, are
XER)= (&1 er 17 exp Cg)tZEO % &+l then solved by the infinite continued fraction method. Using
(A6)  this method it was possible to obtain the potential curves
with accuracy better than ten significant digits. To compute
the electronic wave functions and couplings simply, the func-
oc=R(1+ZglZp)I2c—u—1, tion Y(#,R) is written as

t

with
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TasLe 13. Single differential cross sectiongin 10 °cn?) at E TaeLe 14. Single differential cross sectionéin 10 ®cm?) at E
=2.97 keV/amu =3.29 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

se 572% 571* 570* 568* 566* 563* 5.60* 557 soc 8.41* 838* 835% 831% 827 % 822* 8.16* 8.10*
pc 1.027' 1.01' 1.00' 9.942 9812 9.662 9.492 9.29°2 po 122! 121! 120! 119! 117! 116t 114t 1120
do 7.53% 745% 7364 7.25% 7.13* 6.99* 6.84* 6.66* do 1.21°% 1.20°% 1.18° 1.17° 1.15°% 1.13°3 1.11°° 1.08°
fo 6.92°% 685°% 6.77° 6.67° 6.56° 6.44° 6.30° 6.14°° fo 7.07° 6.99° 6.89° 6.79° 6.67° 6.53° 6.38° 6.22°
go 152% 150* 1.49* 1.48* 1.46* 1.44* 1.42*% 1.40* go 219% 216* 213* 2104 2.07* 2.03* 1.98* 1.94*
ho 1.19°% 1.17° 1.14° 1.12° 1.09° 1.06° 1.02°° 9.87* ho 1443 1.41° 1.38% 135°% 1.31°% 1.26° 1.21° 1.16°
pm 3.282 3.262 3.232 3192 3152 3112 3.052 2992 pm 3.802 3782 3.762 3.732 3.702 3.662% 3.62°2 3.56°
dr 2.37% 233% 2294 2254 219% 213 % 2.07* 1.994 dr 3.33% 3.28% 3.234 3.16% 3.10* 3.027% 2,934 2.83*
fr 9.59°% 9493 9372 9253 911°°% 896° 879° 8613 fo 1292 1272 1252 1232 1202 1172 1142 1112
grm 7.25% 7.16* 7.06* 695* 6.83* 6.68* 6524 6.33* gm 9.96* 9.86* 9.74* 960* 9.44 4 926+ 9.05* 8824
hm 9983 9833 9672 9493 9292 9072 883° 8583 he 1232 12172 1192 1172 1142 1.12°2 1.09°% 1.062

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 5.53% 5474 5414 5334 523% 511% 496* 4.77* so 8034 7954 785% 7.75% 7.63* 7.49% 7324 7.13*
poc 9.072 8822 8542 8222 7.872 7482 7.052 6.58°2 po 109! 1.06! 1.03! 9952 9552 9102 8.602 8.06 2
do 6.47* 6.25% 6.004 5.72% 542°% 509* 4734 435* do 1.05°% 1.02°% 9794 937 % 891* 841* 7.86* 7.26*
fo 5973 577°% 554°% 529° 5013 4.69° 433°% 393° fo 6.03° 582°% 560° 535° 508° 4.78°% 4.45°% 4.09°
go 1.37% 134*% 130* 1.26* 1.21% 1.16* 1.09* 1.00* go 1.88% 1.82*% 1.76% 1.70% 1.62% 155% 1474 1.37*%
ho 9.49* 911* 875* 844 % 8.20* 8.08* 8.10* 8.26* ho 1.10° 1.04°% 9.76 % 9.17* 864 % 8.24* 8.04% 8124
pm 2922 2832 2742 2632 2522 2392 2262 21272 pm 3502 3.42°2 3332 3222 3092 2952 2792 262°?
dm 1.90* 1.81% 1.71% 1.60* 1.48* 1.35% 12274 1.09* dm 2724 2594 2464 2314 215% 1.97% 1.794 1.61*
fr  8.42° 821°% 800° 7.76° 7.52° 7.26°% 6.98° 6.66° fr  1.082 1.042 9.99°% 959° 9.16° 8.73°% 8.29°% 7.84°
gm 6.12* 588% 5614 5324 4.99* 464 % 4274 387" gm 855% 8254 7914 7534 7.11* 6.65* 6.15% 5.61*
hm 8.31°% 8.03°% 7.73% 7.44° 7.13° 6.83°% 652° 6.20° hm 1.022 9.90° 9.56°% 921° 8.88° 856° 8.25°% 7.94°

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 455% 4304 4.01% 3.69% 3.35% 3.02% 27274 2464 so 6.90* 6.62% 6.28% 589 % 544 % 494 % 4424 390*
poc 6.09°2 5572 5032 4472 3922 3372 2832 23072 po 7.47? 6852 6202 5532 4862 4202 3552 29372
do 3.94% 353 % 3.13% 2754 242% 216* 1.98% 1.85* do 6.61% 5924 5214 448% 3.78% 3.15% 2,624 2.23*
fo  3.49°% 3.03° 256° 2.11% 1.73°% 145° 1.28° 1.22°8 fo 3.68°% 3.24° 278°% 230°% 1.85°% 1.48° 1.21% 1.05°
go 8.99° 7755 6.33° 4.82° 3375 2185 1.37° 8.97° go 1.27% 1.15% 1.01% 8425 6.54° 4645 2975 1.75°
ho 854*% 8774 873% 8.12* 6.77* 4.96% 358% 357* ho 8524 9.234 1.01°% 1.08°% 1.06% 9.28% 6.75% 4.21°*
pr 1992 1872 1762 1.672 1612 1572 1532 1.46°? pm 2432 2242 2062 1902 1.772% 1.662% 1592 1522
dmr 9.53° 8.22° 6.97° 581° 4745 3.78° 291° 2145 dr 1424 1.23% 1.05% 881° 7.26° 5.87° 4.62° 350°
fr 6.30° 5.87° 534° 471% 3.96°% 3.12°°% 2.24° 1428 fr  7.38° 6.88° 6.34% 571% 4993 4.15°% 3228 2273
gm 3.46°* 305* 265* 228% 1.96* 1.69* 1.47* 1.28* gm 5.05% 447* 3.89% 3344 283% 2394 203* 1.73*
hm 5.86° 54832 503 ° 4.48°% 3.83°% 3.08° 2.27° 1.46° hm 7.627% 7.27° 6.83°% 6.28°% 5573 469° 365°% 255°

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

s 224% 205% 1.84% 1.58% 1.31°* 1.07* 8.88° 7.16° so  3.4T% 299% 2624 2274 1.90* 1.54*% 1.23% 9.89°
poc 1.802 1.342 9.65°% 6.71°° 450° 2.77% 1.48°% 7274 poe 2342 1.782% 1292 893° 596° 3.81°% 219° 1.10°
do 1.74% 157% 1.27% 8885 5455 338° 2.12° 1.05° do 1.96* 1.77% 1564 1.24* 838° 4945 2955 1.73°
fo 1.26°% 1.33°% 1.25°% 886 % 450* 245* 1.86* 1.09* fo 9.81% 9834 1.03° 9.68* 6.73* 3.46* 2.07*4 1.52*
go 5.86° 3216 1.34% 57177 5127 5427 4387 2227 go 1.03° 6.00° 3.00° 1.11°® 4607 6.207 580 3.80 "
ho 4.63% 5.03*% 4.29% 360* 2.38* 1.76% 1.34* 9.96° ho 3.25% 3.84% 4.06* 3.82* 3.83*% 2.15% 1.69* 890°
pm 1372 1232 1092 953° 839° 7.21°° 588° 458° pm 14472 1332 1182 1.032 9.01° 7.79° 650° 5133
dr 1.465 9.06 ¢ 5.23° 3.05% 1.966 1.31°° 8.687 6.55" dr 250° 1.65° 9.90°% 5666 3436 2.27° 1.49° 1.01°
fr  7.66% 358% 1.81°% 1.33% 9.74° 459° 186° 1.72°° for  1.40°% 7.40% 3.43% 1.75* 1.18* 7.00° 2.78° 1.60°
gm 1.09* 851° 581°° 324° 1.42° 572°¢ 270° 1.06° gm 1.47* 120* 887° 552° 272° 1.09° 457° 203°
hm 7.76% 2.94% 55275 2255 8.03° 1.027% 590° 1.47° hm 151°% 6914 1984 254° 563° 1.18% 9.98° 3.67°
1 RZ, N
Y(7;R)= 2 diP{(). (A8) X(£—00;R)— —sin &' — ——IN(2C€) = —-+ 8.,
=u cé 2c 2
(A9)

The same procedure can be used to calculate the separation

constant and the angular wave function for the continuun@ndé, , is the phase shift for the radial function. Let us note
states. However, the radial part must be calculated numerthatA represents the eigenvalue of the constant of separation,
cally. Integration starts fron§=1 with |A(§=1R)| <+ to  which comes from the additional symmetry in the two-center
a sufficient larger value of.., Where X(£,R) accurately Coulomb system. The system with this degree of symmetry
matches the asymptotic boundary condition is described by the invariant operatdr
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TasLe 15. Single differential cross sectiongin 10 ®cn?) at E TaBLE 16. Single differential cross sectionéin 10 ®cm?) at E
=3.61 keV/amu =3.93 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

s 1.34°% 134°% 1.33°% 1.327% 1.30° 1.29° 1.28°% 1.26°° s 2.16° 215°% 2133 2.11% 2.09° 2.06° 2.03° 2.00°
pc 1.42' 141! 139! 138! 136 135 1.33' 1.30* po 161! 160! 159! 157! 155t 1541 151! 1.49?
do 1.91% 1.89°% 1.87° 1.85°% 1.82°% 1.79°% 1.75°% 1.71°% do 2.85°% 2833 2.79% 276°% 2.72°% 2673 261° 2558
fo 6.99°% 691° 681° 6.70° 6582 6.44° 6.28° 6.11°° fo 6.89° 6.81° 6.72° 6.61° 650° 6.37° 6.23° 6.06°
go 3.19* 315* 3.10* 3.05* 3.00“% 293* 286* 2.78* go 4.38% 4334 428 421°% 414* 406+ 397* 3.86*
ho 292°% 2.87° 281°% 2748 266° 257° 247° 236° ho 5.24% 517° 509° 4.99°% 4873 4743 459° 4473
pm 4142 4132 4122 4102 4082 4.062% 4.032 3.99°? pm  4.332 4332 4332 4332 4332 4322 4312 429°?
dmr  4.41°% 435% 4.29% 4217 4.13* 4.03* 3.927% 3794 dr 5.58* 551 % 5434 534 % 524* 5127% 4.99* 4.84*
for 1.742% 1.727? 1682 1652 1612 1572 1522 1472 fom 2332 2292 2252 2202 2142 2082 2.02°% 1942
gr 1.29°% 1.28°% 127°% 125°% 123°% 121°% 119°% 1.16° gr 1.60°% 159°% 157°% 155°% 153 % 151°% 1.48°% 1.45°
hm 1402 1382 1.352 1322 1302 1262 1.232 1.202 hm 1522 1502 1472 1442 1412 1382 1.342 1302

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 1.24°% 122°% 120°% 117°% 115°% 1.12° 1.09° 1.06°3 so 1.96° 1.92° 1.87° 1.82°% 1.77°% 1.71°% 165°% 1583
pc 128! 1241 121' 117! 113 108 1.027' 95872 po 146! 143! 139! 135! 130! 124! 118 1111
do 1.66° 1.61° 156° 1.49°% 1.42°% 135°% 1.27°% 1.18°3 do 2.49°% 241°% 2333 224°% 214° 203°% 191° 1.78°
fo 5.93°% 5723 550° 5262 500°% 4733 4.43°% 4.10° fo 5.89°% 570° 549° 5272 5042 479° 454° 4.26°
go 269% 2594 248* 2364 2244 211% 1974 1.83* go 3.74% 360“% 3.45*% 328% 3104 290*% 2694 2474
ho 2243 210°% 195°% 1.79°% 1.62° 1.46° 1.31° 1.19°3 ho 4.227% 3992 3732 3452 3142 280° 246° 2.12°
pm 3952 3.892 3812 3722 3612 3472 3312 31372 pm 42772 4232 41872 4122 4032 3922 3772 36072
dm 3.65% 350* 3.33% 3.14% 2934 2.71°% 2474 2.23* dm 4.67% 4.48* 428* 405% 3794 3524 3234 293*
fr 1412 1.352 1.292 1.222 1152 1.082 1.012 9433 fr 1.862 1.772 1682 1582 1.482 1372 1262 1.16°2
gr 113°% 1.09% 1.05° 1.00°% 9.52* 895* 8334 7.66* gr 141°% 1.37°% 1.32° 127° 1.21°% 1.15°% 1.07° 9.93*
hm 1162 1.122 1.092 1.052 1.022 9.87 2% 9593 9343 hw 1262 1.2272 1192 1152 11272 1.092 1.072 1.05°?

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 1.02°% 9.80* 9.36* 886* 829* 7.65% 6.93* 6.15* so  1.51°% 1.44°% 1.37°% 1.29°% 1.21°% 1.12° 1.02° 9.13*
poc 8912 8202 7.442 6652 5862 5072 4302 3.587? po 1.04' 9602 8742 7842 6922 6.002 5102 4.257?
do 1.08°% 981* 873* 7.60* 6.45* 531 % 426* 3.37* do 1.65°% 151°% 1.36°% 1.20°% 1.03° 867 * 7.03* 550*
fo 3.75°% 3.35° 290°° 2.42°% 1.93°% 1.48° 1.14° 937* fo 3.96°% 3.63° 3.23% 2.77% 2253 1.70° 1.21°% 875*
go 1.69%* 1544 1384 1.21% 1.01* 7.82° 550° 3.43° go 2.25% 2.03% 1.81% 160“% 1.37* 1.12* 851° 580°
ho 1.10°% 1.07° 1.117° 1.19°% 1.28 % 1.29°° 1.14° 834* ho 1.81°% 156° 1.39°% 1.33°% 1.36°% 1.43° 1438 1253
pm 2922 2692 2452 2222 2012 1.832% 1.702 1592 pm 3.392 3152 2.882 2602 2322 2072 1.862 1.69°2
dr 1.98% 1.73% 148 % 1.25% 1.04* 847° 6.76 %> 523° dr 261% 2304 1.98% 1.68% 1.41*% 1.15% 9.27°5 7.28°
fr 8.74° 8.06° 7.38° 6.67°% 592° 5.07° 4.14° 3138 fr 1.052 9.56° 8.62° 7.73°% 6.84% 593 ° 497°% 3943
gm 6.94°% 6.19* 542* 466 % 3.94% 3.29% 274% 229 gr 9.07% 815% 7.20* 6.23% 528* 4.40* 3624 297*
hm 9.10° 8.83° 8.49° 8.01% 7.33°% 6.41° 524° 3893 hm 1.042 1.0272 1.002 9.67°% 9.07° 8.18°% 6.94°% 541°°

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so 5.35% 457% 3.87% 3274 273% 223* 1764 1.37* sc 8.0I* 6.85% 5734 4734 3.88* 3.15% 2494 191
poc 2892 2252 1672 1172 7.74° 4.95°% 2.98° 159° poc 3452 2722 2062 1.472 989 ° 6.30° 3.84° 215°
do 268% 220% 1.86% 1.55% 1.17* 7.38° 4.16° 2.40° do 4.19% 3.17% 245% 1.94% 150* 1.04* 6.04° 3.27°
fo 843 % 800* 790 8.06* 7.26% 477* 2584 1.73* fo 7.19% 6.81* 6.62% 6.44 % 6324 5274 3304 1.97*
go 1.92° 1.02°5 5258 234° 8237 5647 7927 517" go 3.45° 1.80° 868° 401° 1.70°¢ 7827 8957 7.89"
ho 5.04* 3.39°% 3.327% 3.16* 3.63% 3544 1.63* 1.38* ho 9.05% 5464 351"*% 2.80* 2.67% 3.727% 257% 1.38*
pm 1502 1402 1272 1122 966° 832° 7.02° 565° pm 1572 14672 1342 1192 1.032 883 % 7.48° 6.11°°
dr 3.875 267° 1.69° 9.86° 5816 3756 251°¢ 1.65° dr 5.51° 3.94° 2,60° 1.58° 9.29°6 587° 3.98° 2646
for  214°% 1.27° 6.38% 291°* 151% 9.15° 4345 1.79°° for 2.88°% 1.87° 1.04° 497* 225% 1.17% 6.09° 2.47°
gm 1.93* 159* 1.23* 836° 460° 1.98° 765° 3.35° gm 245% 202*% 161* 1.16* 6.99° 330° 1.27° 5.16°
hm 2513% 1.317% 4754 831° 3.07° 1.09% 1.33% 6.99° hm 3733 2153 9224 2274 231° 836° 1504 1.07*

R RZ 2

—_1 2 2 . . .
A=L"=— A_E —R(cosf,—cosbp) -, d(enw;r,R) with continuous eigenvalues>0. At each value

of R, these wave functions must satisfy the conventional or-
whereL is the orbital angular momentum of the electron. Atthogonality relations
the united-atom limiR=0, A reduces to—L?, and the cor-
responding eigenvalue is therefoke= —\N(\+1).
Summarizing, the one electron diatomic orbitals are la- ("N w";R) (NN ;R)) = By Sy St
beled by two more quantum numbexs u, in addition to
energy. Bound states are denotgthi u;r,R), with energy
eigenvalues e(n\w;R)<0, and continuum states (d(e'N' u'";R)|p(NAu;R))=0, (A10)
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TasLe 17. Single differential cross sectiongin 10 °cn?) at E TaeLe 18. Single differential cross sectionéin 10 ®cm?) at E
=4.25 keV/amu =4.57 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 €(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so  3.31"% 3.28°% 3.25°% 3.22°° 3.19° 3.14° 3.10° 3.04° s 4.72° 469° 4653 461°° 456° 450° 4.43° 4.36°
pec 180! 1.79°' 178! 1761 1.74' 1.727' 170! 167? po 199! 198! 197! 195! 193! 191! 188! 1.86*
do 3.98°% 395°% 3.90°° 3852 3.79°% 3.73°% 3.66°% 3.57° do 5.24°% 5193 513 % 507° 5.00°% 4.923% 482°% 47238
fo 6.70° 6.64° 6.56° 6.48°% 6.38°% 6.27° 6.15° 6.02° fo 6.42°° 6.38° 6.32° 6.26°% 6.19° 6.11°° 6.02° 5923
go 553*% 548*% 543* 5374 5294 521% 5114 500* go 6.42*% 6.38* 6.34* 629 6.23* 6.16* 6.07* 597
ho 7.60°% 7533 7443 7333 7.21°% 7.07° 6.89° 6.69° he 9.28°2% 9222 9152 9.07°2 8972 8852 870° 8523
pm 4462 4472 4482 4482 4492 4502 4502 45072 pm 4602 4612 4622 4642 4652 46672 4682 4697
dr 6.78* 6.70* 6.61* 650* 6.38* 6.25* 6.09% 592°* dm 7.95% 7.86% 7.76% 7.64* 751 % 7.36* 7.18* 6.99*
for 3.042 2992 2932 2872 2792 2712 2622 2527 fr 3.8572 3782 371% 3642 3552 3452 3332 3217
gr 1.91°% 190° 1.88° 1.86°% 1.83°% 1.81° 1.78° 1.74° gm 2.21°% 220°% 218° 215°% 2132 210°% 2.07° 2.03°
g . . . . . . . 41 T . . . . . . . .

h 1.652 1.632 1.602 1562 1532 1492 1452 14172 h 1.8272 1.79°2 1.762 1.727? 1682 1.642 1.602 1552

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 298°% 292°% 2843 276°% 267°% 257°% 2463 235° so 4283 4183 4.08° 396° 3.83°% 3.683% 3.52° 3353
pc 1641 1611 1571 15271 1471 1411 1341 1271 po 182! 179! 174! 169! 164! 158! 151! 1.43?
do 3.48°% 3.38°% 326°% 3.14°% 3.00°% 285°% 268°% 2513 do 4.60°% 4.47°% 432°% 415°% 3972 3782 3562 3.34°
fo 5.87°3% 571°% 5532 53432 514 3% 4943 472° 4503 fo 5.81°% 569° 555°% 541°°% 5252 509° 4922 4743
go 487 % 471°% 454% 434* 412% 387* 3594 3.30° go 5.86% 572% 555% 536 % 5134 487 % 457% 423*
ho 6.46° 6.18°% 586° 5482 506° 458° 4.05° 3503 ho 830° 8043 7.72° 7342 6.88° 6.34° 5722 5033
pm 4502 4492 4462 4422 4362 4282 4162 4.01°? pm 4692 4702 4692 4672 4642 4582 4492 4372
dm 5.72% 551% 526* 499* 470* 4.38* 4.03* 367* dm 6.77% 652% 6.24% 5934 560 % 5234 4844 4474
fr 2422 2302 2172 2.032 1892 1.742 1592 1442 fr  3.0772 29272 2752 2582 2392 2192 1992 1.792
gr 1.70°% 1.66° 1.60° 155°% 1.48°% 1.41°% 1.32°% 1.23°3 gr 1.99° 194°% 188°% 182°% 1.75°% 1673 158° 1.48°
hm 1372 1332 1.292 1262 1232 1202 1.192 1.182 hw 1512 1472 1.432 1392 1362 1.342 1322 1322

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 223°% 210°% 1.97°% 1.84°% 1.71°% 157 % 1433 1.29°3 so 3.17°% 298°% 2783 257°% 237°% 2162 195°% 1.75°3
pc 119! 110! 1.0 9.082 8.042 6.992 5952 4962 pe 134! 125! 1141 1.04! 9212 8032 6.862 5722
do 2.33°% 214°% 194°% 1.73% 151°% 1.29°% 1.07° 854* do 3.09°% 2843 2583 2328 205°% 1.773% 1.49°% 1228
fo 4.26°% 4.00° 369° 331°% 282°% 224 161° 1.06°3 fo 455°% 4353 412°° 382°% 3432 290° 225°% 1543
go 2.99% 2684 2374 206% 1.77* 1474 1.17% 854° go 3.86% 3.46* 3.06% 265% 2.25* 1.884 1514 1.15*
ho 2933 241° 1.96° 1.64°% 1.47° 145° 1.48° 1458 ho 4.283% 3517° 2.78°% 2.16°% 1.727% 1.49° 1.43°8% 1433
pm 3.82°2 3582 3302 3.002 2672 2362 2.082 1.847? pm 4202 39872 3712 3392 3.042 26872 2332 2.037?
dr 3.29% 291% 2534 2154 1.81°% 1.49* 1.21% 957° dr 3.98* 353 % 3.08% 2.64% 223* 1.84* 150% 1.20%
fr 1292 1.152 1.0272 9.00°% 7.88°% 6.81°° 5.76° 4.69° fr 1592 1402 1.2272 1.062% 9.127% 7.80° 6.58°% 5413
gm 1.14°% 1.03°% 9.16“ 7.99* 6.82* 569* 4664 3.78* gm 1.37°% 1.25% 1.12°° 989 “4 852* 7.15% 5874 4.73*
hm 1172 1172 1162 1.142 1.092 1.002 87432 7.07°3 h7 1.332 1.332 1.332 1322 1.282 1.202 1.072 8.88°

e(Ry) 0.353 0.410 0.476 0552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so  1.13°% 978* 821* 6.73% 543 % 435% 3424 262* so  1.54° 1.33° 1.12°% 9.24% 742% 586* 458* 350*
poc 4042 3202 2452 1.79°2 1232 7.92°% 482°% 2773 poc 4662 3702 2.862 2122 1492 9.74°% 596° 3453
do 6.54* 483* 351% 258% 1.927* 1.37* 855° 4.60° do 9.53* 7.12% 510% 3.58% 252* 1.76% 1.15% 6.44°
fo 7.12% 5864 576% 556* 524 % 4874 3724 232* fo 9.50% 6.06% 5.11"* 5.02* 4.61* 4.20* 3.65* 259*
go 551° 305° 1.46° 6.44°% 291° 145° 1.08° 1.10° go 7.88° 469° 235°% 1.03° 449° 240° 157° 1.40°
ho 1233 8.64% 5234 322% 224*% 280% 337% 153* ho 1.35°% 1.09°° 7.36°% 4.40* 2524 206% 3.11% 2.23*
pm 1.662 1522 1402 1.252 1.092 9.35°% 7.91°% 653° pm 1792 1602 1.452 1312 1.152 9.87° 832°% 6.90°
dm 7.37% 541°% 3.71°% 2345 1.40° 870° 590° 4.00° dm 9.36° 7.01°% 495°% 3235 198°% 1.23°5 828° 573°
fr  3.58°% 2493 152°% 7874 3534 159*% 7.97°% 351° fr  4.25°% 310° 2.03° 1.14°% 5414 230* 1.04* 4.76°
gm 3.07* 2504 201% 1.51% 9.78°% 5075 205° 7.78° gm 3.79% 3.04% 2434 1874 1.28* 7225 315°% 1.17°
hm 5143 3193 155°% 487 563° 509° 1.49* 1.42°* hm 6.71°° 4.42°° 236° 886 1.56* 250° 1.30% 1.68*
Couplings

The prolate spheroidal quantum numbgrs. are analogous Let us show the separation of angular couplings in mo-
to spherical polar quantum numblem. Numerical calcula- lecular orbital(MO) expansion, by transforming the coordi-
tions show that the orthogonality relations are satisfied bettemate system from a space-fixed coordinate system to a
than eight significant digits fdR<40 for the wave functions molecular-rotating coordinate systérft. Let r=(x,y,z) be
used in our calculation. the coordinate of electron in the space-fixed frame, while
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TasLe 19. Single differential cross sectiongin 10 °cn?) at E TaeLe 20. Single differential cross sectionéin 10 ®cm?) at E
=4.89 keV/amu =5.21keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so 6.35°% 6.31°% 6.26% 6.21"% 6.14° 6.07° 5.99°% 589° soc 8.19° 8.14°% 8.08°% 8.01° 7.93°% 7.84°% 7.73% 7.61°
pc 2181 217! 215 21131 211 2,09 2,07 2,041 po 236! 235! 233! 232! 230! 227t 224t 221t
do 6.56° 6.50° 6.44° 6.36° 6.28° 6.18°% 6.07° 5.94° do 7918 7843 7.77% 7.68°% 759°% 7473 7.35% 7.20°
fo 6.17°% 6142 6.10° 6.05° 6.00° 595° 5893 5823 fo 6.14° 6.11° 6.07° 6.03° 599° 5942 589° 5833
go 6.92* 690* 6.87“ 6.84* 6.80* 6.76 % 6.70* 6.63* go 7.04% 7.03% 7.03“ 701 7.00* 6.98* 6.96“ 6.92°*
ho 9953 992°% 9893 9843% 9793 9712 962° 9503 ho 9732 9733 9732 9732 9722 969° 9.66° 9.61°
pm 4.832 4842 4852 4862 4872 4882 4892 491°? pm 5212 5212 5212 5212 5212 5222 5222 52272
dr 9.06* 897* 8.85% 8.727% 858* 841 * 8.227% 8.00* dr 1.01°% 9.98“% 9.864 9.71°% 9.55% 9.377% 9.17°4 8.93*
for  A742% 4672 4592 4492 4392 4272 4132 3982 fr 5712 5632 5532 5432 5302 51672 5012 4.837?
gm 250°% 248°% 246° 244°% 241°% 238°% 235°% 231°° gr 2.77°% 275°% 273% 271% 268° 265°% 261° 2573
hm 2.042% 2,002 1972 1932 1882 1842 1792 1742 hm 23172 2272 2232 2182 2142 2082 2032 1972

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 5.79°% 566° 553° 537°% 520°% 501° 480° 4573 so 7.48°% 7.33°% 7.15° 6.96°% 6.75° 651 ° 6.25°% 5.96°
pec 200! 196! 192! 186 1811 1.74* 167! 1.58* po 218! 213! 209! 203! 197! 190! 182! 1.73?
do 5.80°% 5642 545° 525°% 5033 479°% 452° 4233 do 7.04° 6.85°% 6.64° 6.41° 6.15°% 586 ° 554 ° 520°
fo 574° 566° 556° 546° 535°% 523° 5113 497° fo 577°% 570° 564°% 556° 549°% 541° 5328 523°
go 655*% 6.45* 6.32* 6.16* 597 % 574% 5464 513 go 6.88* 682*% 6.75* 665* 652* 6.35* 6.13 % 585
ho 9.35°% 9153 890°% 858° 8.18°% 7.68° 7.08° 6.37° ho 9.53° 9.42°% 926°% 9.05° 875°% 837° 7.87°% 7.24°
pm 49272 4922 4922 4922 4892 4852 4792 46872 pm 5222 5222 5212 5202 5182 5142 5082 4.99°?
dm 7.75% 7.48*% 7.17% 6.84* 6.46* 6.05* 5614 515* dm 8.67* 837 % 804% 767% 7.26* 6.82% 6.34“ 583*
fr  3.812 3632 3.432 3212 2982 2732 2482 2227 for  4.6472 4422 4182 3922 3642 3352 3042 2727
gr 226°% 221% 215° 208°% 2.01°% 1.92°% 1.83° 1.72° gm 252°% 246°% 240° 2332 225°% 216° 206° 1.95°
hor 1.692 1642 1602 1562 1532 1512 1502 1.50 2 hor 1922 1862 1.812% 1.772 1732 1.71°2 1702 1.70°2

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so  4.32°% 4.06°% 3.78°% 3.49°% 320°% 290°% 260°% 2313 so 565°% 531°% 496°% 458°% 4.19° 3.79°% 3392 299°
poc 149! 139! 128! 116! 1.04' 9102 7.812 6.5472 po 164% 153! 141! 129! 116! 1.027! 8772 7.387?
do 3.93°% 361°% 329°% 295°% 262°% 228°% 195°% 1623 do 4.83°% 4.44° 4.04° 363°% 322°% 281°°% 2412 2.03°
fo 4.83° 4.66° 4.48° 4.24°% 393 % 3.49° 289° 2168 fo 5113 4.98° 4.81°% 4.60°% 4.327% 3.94°% 3418 2733
go 474% 431% 383 % 3344 2.84°% 2354 1904 1.47* go 5.51*% 5.09* 461% 407* 3.49* 2914 2354 1.82*
ho 555°% 4.65° 3.73% 2.86°% 213 % 1.64° 1.40° 1348 ho 6.473% 557° 45983 359°% 2673 1.94°% 14738 1273
pm 4542 4342 4092 3772 3412 3.022% 2622 225°? pm 4.862 4682 4.442 4142 3772 3362 2922 2502
dr 4.65% 415% 3.63% 3.13% 265* 220* 1.80% 1.45* dr 5.29% 473 % 4.16% 360* 3.06* 255 210% 1.69*
fr 1962 1.71°% 1.482 1.262 1.072 8.97° 7.48° 6.15°% fr 2402 2082 1.782 1512 1.262 1.042 855° 6.96°
gr 1.61°°% 1.48°% 1.34°% 1.19°% 1.03°% 873* 7.20* 580" gr 1.83°% 1.69° 155°% 1.38°% 1.21°° 1.04° 863 * 6.98*
hm 1512 15272 1532 1532 1492 1412 1.282 1.082 he 17272 1742 1762 1762 1.732 1652 1512 1302

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so 2.03°% 1.75°% 1483 1.22°% 982* 7.73* 598 % 456 soc 2.61° 224°% 189° 156° 1.26° 9.927% 7.64*% 579*
poc 5342 4242 3282 2452 1752 1172 7.27°% 4223 poc 6.042 4812 3722 2792 2012 1372 870°% 511°
do 1.29° 9.86* 7.15% 4.95% 335% 2.26* 1.48* 8.73° do 1.65°% 1.29°% 95274 6.66* 4.45* 2904 1874 1.13°*
fo 1.41° 8.15% 523 % 459* 430* 3.71°% 3.28* 2.65* fo 1.94° 1.18° 6594 4524 4064 3.48* 2894 249*
go 1.05* 6.63° 354° 1.59° 6.69° 3496 234° 1.81° go 1.33% 8.80° 499° 236° 9.80° 4.73° 323°% 239°
ho 1.30°% 1.15°% 8.72% 565* 3.21* 1.927% 2.39% 2.66* ho 1.20% 1.10° 9.0I"* 6.38°* 3.897% 2.16% 1.91°% 2.49*
pm 1942 1702 1522 1362 1.21°2 1.042 874°% 7.25° pm 21372 1822 1602 1422 1252 1.082 9.14° 7593
dr 1.14* 868° 6.28° 4.235 266° 1.65° 1.11°° 7.81°° dr 1.34% 1.04% 7.64° 5285 3.41° 215° 1.43°5 1.02°°
fr  4.90°% 370°% 255°% 154°% 7834 3374 1394 6.18° fr 556° 4272 3.06° 1.96° 1.07° 4834 1924 7.92°
gm 4.61* 365* 289* 224* 160* 965° 456° 1.72° gm 552*% 4334 3394 2634 1924 1.23* 6.25° 247°
hm 8.44°% 581°°% 3.34° 1.43°% 3.43* 223°% 1.01* 1.81* hm 1.032 7.36° 4.47° 2.11°% 6.29% 599° 6.72° 1.81*

r'=(x',y’,z') denotes the same vector in the rotating mo-Here(O,®) are the usual spherical polar angles of the vector

lecular frame. The relation between these two is then givemR in the space-fixed frame. In the spherical polar coordi-

by nates, the gradientiVR (while keepingr fixed) can be
written as

x"=xc0sO cosd +y cosO sind—-zsinO®, (Bl)
—iVr=er(—id/dR)xy,+ R H(—id/30),y,

y'=—xsin®+y cosd, (B2) +ep(RsiNO) " H(—id/30)yy,, (B4)

z'=xsinO cos® +ysinO sin®d+zcosO. (B3) whereeg, ey, andeg are the unit vectors of the spherical
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TasLe 21. Single differential cross sectiongin 10 °cn?) at E TaBLe 22. Single differential cross sectionéin 10 ®cm?) at E
=5.53 keV/amu =5.85keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so 1.032 1.022 1.01°? 1.002 9.93°% 9.82% 9.68°% 9.53° s 1.27% 1262 1252 1242 12272 1212 1192 11772
poc 255 2531 25171 2501 2471 2451 24271 2391 po 272% 271t 269! 267! 265t 262t 259! 256
do 9.24% 9.17°% 9.09° 9.00° 890° 8.78° 8.64° 848° do 1.052 1.052 1.042 1.032 1.022 1.01°2 9.91°% 9.74°3
fo 6.49° 6.45°% 6.40° 6.35° 6.29° 6.22° 6.16° 6.09°° fo 7.25°% 7.19° 7.12° 7.04° 6.96° 6.87° 6.77° 6.67°
go 6.91* 6.91* 691 “ 6.92* 6.92* 692* 692 6.92* go 6.69°* 6.69* 670 6.71* 6.72* 6.73* 6.74* 6.75*
ho 9.043% 9062 9.08° 9.10°% 9.12°% 913°% 9143 91473 ho 8.38° 8.41° 843 ° 846° 849° 8522 855° 8573
pm 5792 5772 5762 5752 5732 5712 5692 5672 pm 6.602 6572 6.542 650° 6.46°2 6.41% 6.36% 6.31°
dr 1.10° 1.09° 1.082 1.06° 1.04°% 1.02% 1.00°% 9.77°4 dr 1.18°% 1.17°% 1.15° 1.14° 1.12°°% 1.10° 1.08° 1.05°
fr  6.742 6652 6542 6422 6282 6.132 5952 57572 fom  7.832 77272 7612 7472% 7322 7152 6952 6.732
gm 3.03°% 301°% 299°% 296°% 293°% 290°% 286°% 2.81°° gr 3.28°% 326°% 324°% 321% 317° 3.14°% 3.10° 3.05°
hm 2.632 2582 2532 2482 2432 2372 2302 2242 hm 2972 29272 2872 2812 2742 2672 2602 2522

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 9.37°% 917°% 896° 8.72° 8.46° 817° 785° 7.50° so 1152 1.132 1102 1.072 1.042 999° 9.60°% 9.173
pc 235! 230! 2251 220t 2131t 206t 1.97' 1881 po 2521 247t 242' 2361 229t 221t 2127t 2031
do 830°% 8.09°% 786° 7.60°% 7.30°% 6.97° 6.61° 6.21° do 9.55°% 9.337% 908° 879° 847 % 811°% 7.71° 7.27°
fo 6.02° 595°% 588°% 581° 5743 567°% 561° 553° fo 6.57° 6.46° 6.36° 6.26° 6.17° 6.08° 6.00° 593°
go 691* 690* 6.87* 6.83* 6.76* 6.67* 653 % 6.33* go 6.76% 6.77* 6.78* 6.78% 6.77* 6.74* 6.67* 657
ho 9.13° 9.08°% 9.01° 889° 8.71°% 844 % 8.06° 7.56° ho 858° 8573 854°% 847° 835° 8.16°% 7.88°% 7.49°
pm 5.652 5632 5602 5572 5522 5472 5402 53172 pm 6252 6192 6.122 6.052 5972 5892 5792 5672
dm 9.48* 9.17% 8814 842 7.99* 7514 7.00* 6.45* dw 1.02°% 9.87% 950“ 9.08“ 8.63* 812* 7.58* 7.00*
fr 5532 5282 5012 4712 4382 4.042% 3672 32972 fr 6.482 6.202 5902 5562 5192 4792 4372 39272
gr 2763 270°% 264° 256°% 2483 2393 229° 2173 gm 2.99°% 2933 286° 2792 2.70°% 2.60° 249° 2.38°
hr 2172 2112 2.052 2002 1.962 1.932 1922 19372 hm 2452 2372 2302 2242 2202 2162 2152 21672

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 7.12°% 6.71°% 6.27% 581°% 532°% 482°% 430° 3.79° so 872°% 823°% 7.70% 7.15°% 6572 5962 5332 4.70°
poc 1781 167! 1541 141 1271 1.127' 9742 8.247? po 192! 180! 167! 153! 138! 1.23! 1.07! 9.10°7?
do 5.78°% 533°% 485°% 436°% 3.86°% 3.37°% 290°% 2443 do 6.79°% 6.26° 571°% 5142 455°% 3972 341° 2388°
fo 5.45°% 533 ° 518° 497°% 469° 4.31°° 3.81°° 3.18° fo 5.85°% 575°% 560° 539°% 5.08° 4.68° 4.15°% 352°°
go 6.07* 5724 5284 476* 415* 3514 2854 2.23* go 6.40* 6.15% 579% 533“ 4.76* 410* 3.39“ 268*
ho 6.91° 6.11°° 5.19° 4.18°% 3.18°% 2.31°% 1.67° 1.30° ho 6.95% 6.27°° 5443 451% 3552 265°% 1.93 % 1453
pm 5.182 5012 4782 4482 4122 3,702 3.242 27772 pm 5532 5342 5112 4822 4462 4.032% 3552 3.042
dr 5.86* 526 % 4.64% 4.03% 3.44* 2.88* 2384 193¢ dr 6.38% 5744 5.08% 4434 3.79*% 3.18% 2634 2.14*
fr 2902 2522 2152 1802 1492 1.217% 9.817°° 7.89°3 fr  3.472% 3.01? 2572 2152 1.76%2 1422 1.132 8983
gm 2.04°% 190°% 1.75°% 158°% 1.40° 1.20° 1.01°° 8.23* gr 224°% 210° 1.94°% 1.76% 1572 1372 1.16°% 952°¢
hw 1952 1.9772 2002 2.012 1992 1912 1.762 1532 hm 2182 22272 2252 2272 2262 2182 2022 1782

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so 3.29° 2.80°% 2352 1.94°% 157°% 1.24°% 9554 7.204 soc  4.07° 3.46°% 2892 237°% 1.92° 152°% 1.17° 880°*
poc 6.782 5422 4202 3152 2282 1582 1.02°2 6.09° poc 7532 6.042% 4702 3532 2572 1.792% 1182 7.15°
do 2.01°% 160°% 1.21°% 861% 577 % 3.71°% 2.334 1424 do 2.38°% 1.91°% 1.48° 1.07°% 7.31* 467 288% 1.75*
fo 2.41°% 159° 9044 512% 3904 3374 265% 2.24* fo 278°% 1972 120° 6.44 % 4004 3274 2554 2.00*
go 1.65% 1.127% 6.68° 3.32° 1.41° 6.27° 4.11° 3.08° go 2.01* 1.39% 860° 449° 1.96° 833° 499° 381°
ho 1.14°% 1.027° 862% 6.46* 4.24* 245% 1.79% 2.06* ho 1.18°% 9.96% 8.13* 6.15* 4.24% 259% 1.84* 1.79*
pm 2332 1972 1692 1482 1302 1132 954° 7.91° pm 25672 2132 1802 1552 1352 1.172 9.93° 8233
dr 1.54% 1.20% 8.99° 6.37° 4225 269° 1.79°° 1.28° dr 1.72% 1.35% 1.03% 7.435 5045 3.27° 2.18° 156°
fr  6.27°% 486° 356° 2.38°% 1.38° 665 2.67* 1.03* fr  7.06° 5472 4072 2812 1.72° 880* 3.66“4 1.35*%
gm 6.52% 508* 393* 303* 225% 150* 8.16° 3.43° gm 7.58* 5894 452*% 3464 258* 1.77* 1.024 459°
hm 1242 9083 575°% 292°% 1.02°% 151% 398° 1.68* hm 1462 1.092 7172 387° 1512 3.06* 2.86° 1.46*
polar system aR (they coincide with thez’, x’, andy’, wherelL,, s ,» are the components of the electronic orbital
respectively. Using Egs.(B1)—(B3) the components of this angular momentum operator. The veckiis therefore ex-
operator can be rewritten pressed &4
. . R (C] [}
_I(a/aR)XyZ: _I(&/gR)X’y’Z' y (B5) Pk'k: Pk’keR+ Pk’ke9+ Pk’keq)’ (88)
. . ~ where
_|((9/(?e)xyz: _|(0’)/(?6)X/ylzr—|_yr , (BG)

- - PR =(ir| (—i0IR)| by,
—i (9D ) gy 7= —1 (I ID) 1y +[SINOL,, —cOSOL /], )
(B7) Po=—R XLy |, (BY)
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TasLe 23. Single differential cross sectiongin 10 °cn?) at E TaBLE 24. Single differential cross sectionéin 10 ®cm?) at E
=6.17 keV/amu =6.49 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

so 1552 1542 1522 15172 1492 1472 1452 14272 sc 1.882 1.862 1.852 1.832 1.802 1.782 1.752 1.72°?
pc 290! 289! 2871 285! 282 279 2761 2721 po 3.07! 3.06! 304! 302! 299! 296! 293! 289*
do 1182 1172 1162 1.15? 1.142 1132 1112 1.10°? do 1292 1292 1.282 1.272 1262 1242 1.232 1.21°2
fo 8343 826° 817° 806° 7.95°% 7833 7.69° 7553 fo 9.61°% 951°% 9402 9272 9.13° 8982 881 ° 8633
go 6.53* 653* 653* 653* 654* 654* 655 6.56* go 6.54*% 653*% 652* 650°% 6.49 % 6.48* 6.48 4 6.47*
ho 8233 8253 827° 829°% 831 % 832°% 834° 8353 ho 890° 8912 8912 8922 892° 8912 890 ° 8.88°
pm 7.682 7.632 7572 7502 7.422 7.342% 7242 7.15°7? pm 9.042 89672 8862 87672 8642 8512 8362 821°
dr 1.25°% 1.24°% 1.227% 1.217° 1.19° 1.17° 1143 1.11° dr 1.31% 1.30°% 1.28° 1.27% 1.25°% 1.233% 1.20°% 1.17°
fr 89672 8852 87272 85872 8412 8222 8012 7.767 fr  1.00°! 1.00! 9.89°2 9.732 9552 9352 9122 8857
gm 3.54°% 351°% 349°% 345°% 342°% 338°% 333°% 328° gr 3.81°% 378°% 375°% 3.71°% 367° 363 % 358°% 352°
hm 3.332 3282 3212 3142 3.072 2992 2902 28272 hm 3.692 3632 3562 3482 3392 3302 3202 3.10°7?

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 1392 1362 1.332 1.292 1.252 1202 1.152 1.10 2 so 1682 1.642 1602 1552 1.492 1442 1372 1.312
poc 268! 2631 2581 251t 2441 236t 227 2471 po 2841 279t 274t 267t 2591 251t 241t 2311
do 1.082 1.052 1.032 9.98°% 9.64°% 926° 883 ° 8.35° do 1192 1172 1142 1112 1.082 1.042 9943 9.44°
fo 7.40°% 7.25°% 7.09° 6.94° 6.80° 6.67° 6.55° 6.44° fo 8.44° 824° 8.03°% 7.82° 762° 743°% 7.25% 7.08°
go 6.58* 659* 6.61* 6.63* 6.64* 6.65* 6.64% 6.61* go 6.47% 6.47* 6.47* 6.49* 650“* 652* 6544 6.54*
ho 8.35°% 834°% 831°% 824° 8.12°% 7.95°% 769° 7.33° ho 885° 879°% 8.71°% 860° 843° 8.20° 7.88°% 7.46°
pm 7.042 6922 6802 6.682 6.552 6.412 6.26 2 6.10? pw 80472 78672 7672 7472 7272 7.062 6.842 6.62°?
dw 1.08°% 1.05°% 1.01° 9.67* 9.19* 866 “ 8.09* 7.48* dr 1.14°% 1.10°% 1.06° 1.02° 9.68* 9.14 % 8544 7.91*
fr  7.492 7182 6.84% 6.472 6.052 5612 5132 462°? fr 8552 8222 7.852 7.432 6982 6482 5952 53872
gm 3.22°% 315°% 3.08° 3.00°% 2.91°% 280°% 269° 2573 gm 3.45°% 338°% 330° 321° 3.11°% 3.00° 288° 2.75°
hor 2732 2642 2562 2492 2432 2392 2382 2382 hm 3.002 2902 2812 2722 2652 2,612 2592 2592

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 1.052 987 °% 925°% 860°% 7.92°% 7.20° 6.46° 570° so  1.242% 1172 1.092% 1.022 9.36° 8532 7.68° 6.80°
pc 206! 193! 180 165 1491 133 116! 9.957? po 219! 206! 192! 176! 160! 143! 126! 1.08*
do 7.82°% 7.24°% 662°% 597°% 529° 462° 396° 3.34° do 887°% 825°% 757° 685°% 6.09° 5322 456° 3.84°
fo 6.34° 6.23° 6.08° 586°% 554 ° 510° 452° 3833 fo 6.94°% 6.79°° 6.62°° 6.40° 6.06 % 558° 495°% 4.18°3
go 6.52°% 637* 6.12* 576* 526* 463* 391 % 3.14* go 6.52% 6.44* 6.29* 6.03* 563 507* 438* 360
ho 6.84°% 6.21°% 5452 4593 369°% 284° 214°% 165° ho 6.91°% 6.24°° 5443 4573 3672 286° 222°% 1.79°
pm 59272 5712 5462 5162 4792 4362 3.862 3.332 pm 6.382 6.132 5842 55172 5132 4682 4172 36172
dr 6.84% 6.16 % 547 % 4.78% 410* 3.46 % 2874 2344 dr 7.24% 653 % 5814 509* 438* 3.70% 3.08% 2524
fr 4102 3572 3.052 2542 2,082 1672 1.317% 1.032 fr 4792 4182 3582 2992 2442 1952 1532 1.1872
gm 2.43°% 228°% 211°% 193°% 1.74°% 153° 1.31° 1.08° gm 2.61°% 245°% 228°% 209° 1.89° 1.68°% 1.45°% 1.21°°
hm 2412 2462 25172 2542 2532 2462 2302 2.052 hm 2.632 2,692 2752 2.802 2.802 2742 2582 2322

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

so  4.94° 419° 3.49° 286° 2.30° 1.82° 1.41° 1.06° soc 590° 5.01°% 4173 3.39°% 2.72°% 215°% 166° 1.25°
poc 8282 6.682 5222 3932 2862 2.012% 1.342 828° poe 9.022 7322 5752 4352 3182 2232 1502 9.45°
do 2.77°% 224°% 1.75°% 1.30° 9.00* 5.80* 3.544 2114 do 3.18°% 2582 2.03° 1.53°% 1.08°% 7.09% 4.31% 2.53¢
fo 3.073% 226°% 1473 821* 447* 320% 2504 1.83* fo 334°% 250° 1.70° 1.00° 5304 3244 2474 1.75*%
go 2.39* 1.69% 1.08“ 5.88° 2.67° 1.11° 595° 451° go 2.79% 2.027% 1.327% 751° 355° 1475 7.14% 515°¢
ho 1.32°% 1.07° 8.15% 583 * 4.03* 2544 1.85* 1.76* ho 151 1.24% 9.09* 589* 3.80*% 2414 1.74* 1.86*
pm 2.802 2322 1922 1632 1402 1.21°2 1.032 855° pm 3.042 25172 2062 1722 1462 1252 1.072 885°
dr 1.89% 1.49* 1.15% 846° 5875 3.88° 259° 1.85° dr 2.04% 1624 1.26% 9.435 6.68° 4.49° 3.027° 2.16°
fr 7.96°% 6.12°% 4592 3253 207°% 1.12°% 490* 1.79°* fr 9.01° 6.86° 514 ° 369° 2432 1.38° 6.38*4 237
grm 868* 6.76* 516* 391 % 292* 205 1244 591° gm 9.79* 7.66* 584 % 4404 3274 232% 1.46*4 7.37°
hm 1702 1292 8723 4933 211% 5274 425°% 120 hm 1952 15172 1.042 6.10° 2.79°° 819* 886 ° 9.28°
i) _ ~ d .
Pe=TR™ N i |Lw| i) — A= (e = e)( b sy | di), (B10)
. . . . . _ 1 1
[assuming thatp, is an eigenstate of,, with eigenvalue s=3(f+M)[r—z(f+MR],
m(h/27)]. The corresponding form foA is obtained sim- Ms—M
ply by expressing the vectarin terms of its components on A= ﬁ_
thex', y’, z' axes: A B
R Given the components d&@ andA by Egs.(B9) and (B10),
A= (€0 — €){ D[Sy b, we can construct explicit solutions to the close-coupled
o . equations for inelastic scattering in a finite manifold of mo-
A =i (e — (b [Se| di), lecular electronic states. The Sctimger equation can be
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TasLe 25. Single differential cross sectiongin 10 °cn?) at E
=6.81 keV/amu

PICHL ET AL.

TaBLE 26. Single differential cross sectionéin 10 ®cm?) at E
=7.13 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
So 2282 2262 2232 2217? 2182 2142 2.11? 2.067? So 2742 27272 2692 2652 2622 2572 2532 24772
poc 324! 323! 321! 318! 3161 3131 3.09' 3.05* po 341! 339! 337! 335! 332! 329! 325! 321t
do 1.40% 1392 1392 1.382 1372 1352 1.342 13272 do 1502 1492 1482 1472 1462 1452 1442 14272
fo 1.092 1.082 1.062 1.052 1.042 1.022 99832 9793 fo 1202 1.19°2 1182 1162 1152 1.132 1.117% 1.092
go 6.75* 6.73* 6.70* 6.67* 6.64“* 6.61* 657 6.54* go 7.18% 7.14% 7.09* 7.04* 6994 693 * 6.86* 6.79*
ho 1.062 1.062 1.062 1.052 1.052 1.052 1.042 1.047? ho 1.332 1.3372 1.332 1322 13272 1.3172 1.3172 1.30°2
pm 1.07' 106! 1.04* 1.03' 1.01! 9.942 9732 95172 pm 1.26%' 1.25% 123 121t 119t 116t 1141 121t
dr 1.37% 1.35°% 1.34% 1.327% 1.30°% 1.28°% 1.25°% 1.22°° dr 1.42°°% 1.41°% 1.39°° 1.37°% 1.35°% 1.33 % 1.30° 1.27°
for 1.14% 113! 1117 1.09! 1.07! 1.05 1.03' 9.992 fo  1.27% 1251 1241 122t 120! 118t 1151t 11270
gm 4.10°% 4.07° 4.03° 399°% 395°% 390°% 384°% 3773 gm 4.43°% 439°% 435°% 430°% 425°% 420° 413° 4.06°
hm 4.032 39672 3882 3792 3.702 3602 3492 33772 hm 4352 4272 41872 4092 3982 3872 3742 3627

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 ¢(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 2022 1962 19172 1842 1782 1.702% 16272 15472 so 24177 2342 2272 2192 2102 2012 1.912% 18172
pc 3.01! 295 289! 2821 274! 2661 2561 2441 po 316! 311! 3.04! 297! 289! 280! 269! 258?
do 1.30% 1282 1252 12272 1192 1152 1.102 1.05? do 1402 1382 1.362 1.332 1292 1252 1.217% 1.15°?
fo 957 2% 9332 908° 883°% 8572 8312 8.07° 7.84° fo 1.072 1.042 1.012? 9862 956° 9.26° 896° 8.67°
go 6.51% 6.48* 6.45* 6.44* 6.43* 6.43* 6.44 % 6.45* go 6.72% 6.66* 659 % 6534 6.48“* 6.44 % 6424 6.41°
ho 1.032 1.022 1.002 9.85°% 9592 925°% 880° 8243 he 1.282 1272 1252 1222 1182 1132 1.072 9.94°3
pm 92772 9.012 8742 8452 8162 7.862 7552 7.247? pw 1.07! 1.04' 1.00! 9.632 9.232 8812 8402 7.98°7?
dr 1.19°% 1.15°% 1.11° 1.06° 1.01% 956* 895* 8.29* drm 1.24°% 1.20° 1.15°% 1.11°% 1.05° 9944 931* 864 *
fr  9.672 9312 8902 8452 7.962 7.412 6.822 6.192 fr 1.08! 1.05! 1.00! 9532 8992 8392 7.752 7.06?
gm 3.70°% 3.62°% 353° 343 °% 3323 320°% 3.07° 293° gm 3.97°% 3.88°% 378° 3672 354°% 341°% 327° 3.11°
hm 3.262 3142 3.032 2932 2852 2802 2772 27872 hm 3.482 3352 3232 3122 3.032 2962 2932 29372

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 1462 1372 1282 1.192 1.092% 9.96° 8972 7.96° so 1702 1592 14872 1372 1262 1.152 1.042 9.21°°
pc 232! 218! 204 188! 171! 153 1351 1161 po 245%' 231! 215! 199! 181! 162! 143! 1247
do 9.92°% 927°% 854°% 7.76°% 6.93° 6.07°% 521°% 4383 do 1.092 1.032 9522 8692 7.80° 6.86°% 591°° 4973
fo 7.63°% 7.43° 7.23° 6.98°% 6.63° 6.13° 544° 4593 fo 8.40° 8.14° 7.89°% 760°% 7.243 6.727° 6.00° 5.07°
go 6.46* 6.43* 6.35* 6.18% 588 % 541 % 479 4.02°* go 6.41% 6.40* 6.36* 6.25*% 6.03% 566* 5124 4.40*
ho 753°% 6.69° 572° 468°% 365°% 2.77°% 2.15°% 1818 ho 9.00% 7.87° 6.59° 522°% 3882 2.75°% 2.00° 1.69°
pm 6.932 6.60°2 6.27°2 5902 5482 5012 4.482 3.90°7? pm 7572 7162 6.742 6.322 5862 5352 4802 4.19°?
dr 759* 6.86*% 6.12% 536“ 4.62* 3.91* 3.26% 2.68* dr 7.92% 7.16 % 6.39°% 561% 4.84* 410% 3424 281¢
fr 5532 4852 4162 3.492 2852 2272 1.77% 1352 fr 6.3272 5572 4802 4.042% 3.312% 2642 2052 15572
gm 2.78°% 261°°% 244°% 225°% 204°% 1.82°% 158°% 1.33°3 gr 295°% 277°% 259°% 239°% 218°% 195°% 1.71°% 1.45°
hw 2.8272%2 2.892 2972 3.042 3.072 3.022 2872 2602 hm 2.982 3.062 3.162 3252 3.312 3.282 3.152 2.882

e(Ry) 0353 0.410 0.476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
s 6.93°% 590° 4.91°% 3.99° 3.18°% 250° 1.94° 1.46° soc 8.04° 6.86°% 5712 4.64° 369° 2.89°% 2.23° 1.69°
poc 9752 7.962% 6.29% 4792 3512 2472 1672 1.06°? pc 105! 8592 6.832 5232 3852 2722 1.842 1.19°?
do 3.62°% 293°% 232% 1.78°% 1.28°% 852% 5214 3.02¢ do 4.10°% 3.323% 2.64° 2.03° 1.49°% 1.013 6.25% 3.60*
fo 3.64°% 2.71°°% 1.88° 1.17°% 6.33* 3474 2444 1.72° fo 4.01% 2.95°% 2.04° 130°% 7.37% 387 % 245% 1.77*
go 3.19* 236% 1594 9.37° 4.62° 1.94° 870° 5.76° go 3.57% 270% 1.87% 1.15% 591° 2555 1.08° 6.41°°
ho 1.66° 1.47° 1.11°° 6.70* 3.76 % 22974 1.56% 1.92°* ho 1.69°% 1.69°° 1.39°% 8.48* 4.15* 2264 1.41* 1.86*
pm 3302 2722 2212 1822 1522 1302 1102 9.16° pm 35572 2932 2382 1932 1592 1342 1142 9.45°
dr 217% 1.73% 1.36% 1.03% 7.455 5115 3.47° 2.48° dr 229% 1.84% 145% 1.117% 8.17° 571° 3.91°° 2.80°
for 1022 7.68° 572° 4.14°% 279° 1.66° 8.08* 3.11* fr 1162 862° 6.36° 4.61° 3.17° 1.94° 996* 4.01*
gr 1.09°% 858* 655* 491 % 363“* 260* 1.68“% 893° gr 1.20°% 9504 7.28* 545* 401* 2.88* 190* 1.06*
he 22172 1.732 12272 7.37°% 357°% 1.18°% 1.727% 7.15° hm 2472 1.962 1402 8.74°% 4443 161° 296* 6.04°

reduced to one-dimension@hdial equations by using a par- Here, the electronic basis staig is the eigenstate of
tial wave expansion. The total wave function is written as with eigenvalue\ . The functionsYJA,\k,I satisfy the differen-
J

q,(r,R):; exdi(mJM)(—iVg)-8]d(r;R)F(R),

whereM is the reduced mass of the nuclei. Then the partial
wave expansion of nuclear wave function in symmetric-top

eigenfunctions takes the form

J
F(R=R 1> > G™RY),. (BL)
J=A My=-1J J
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TasLe 27. Single differential cross sectiongin 10 °cn?) at E TaBLE 28. Single differential cross sectionéin 10 ®cm?) at E
=7.45keV/amu =7.76 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028

s 3.29°% 3262 3.2272 3.182 3.132 3.082 3.0272 29572 s 3.9272 3.882 3.832 3.782 3.7272 3.662 3.582 3.50°?
poc 3581 356! 3541 351! 348! 3451 341! 3371 po 374%' 372! 370! 367! 364! 361t 357! 352
do 1582 1582 1572 1562 1552 1542 1532 15172 do 1662 1652 1.652 1.642 1632 1622 1.61°2 15972
fo 1292 1282 1272 1262 1252 1232 1.217% 11972 fo 1372 1362 1.352 1342 1332 1.3172 1.29°2 1272
go 7.78% 7.73* 766* 759* 751*% 7.42% 7334 7.22°¢ go 852*% 844* 836 827* 817* 8.06* 7.93* 7.80*
he 1702 1.70% 16972 1.692 1682 1682 1.672 1662 ho 2152 2152 2142 2142 21472 2132 2122 21172
pr 1491 1471 1447 142 1391 1361 13271 1.291 pm 1.74%' 172! 169! 166! 162! 158! 154! 1.49?
dr  1.47° 1.46° 1443 1.42°° 1.40° 1.37°% 1353 1.32°° dr 1.52°% 151°% 1.49° 1.47° 1.45°% 1423 1.40° 1.36°
for 1.40% 139! 137! 1351 133! 131! 1281 1.24? fo 1551 1531 151! 149t 147! 1441 14171 1.38°
gm 4.79°% 475°% 471° 466° 460° 453° 4.46° 4373 gr 521°% 517°% 512°% 506°% 499° 491° 482° 4733
hm 4.632 4552 4452 4352 4232 4102 3972 3.8372 hm 4.882 4792 4682 4572 4442 43172 4162 4.012

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 €(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093

so 2872 2792% 2702 2592 24972 2372 22472 2117 so  3.40% 3.30% 3.192 3.062 2922 2782 2632 2472
pc 332! 326! 320t 312 3.04' 2941 23831 2711 po 347! 341! 334! 327! 318! 3.08! 297! 2841
do 1492 1472 1452 1422 1392 1.352 1302 1.257 do 1582 1562 1.532 1512 1472 14472 1392 1.347?
fo 1172 1142 1.11°2 1.082 1.052 1.022 9.87°% 9543 fo 1252 1.232 1202 1.182 1.152 1.11°2 1.082 1.047?
go 7.11% 700* 6.89* 6.78* 6.67* 658* 651 % 6.45* go 7.65% 750% 7.34% 7.17*% 7.01% 6.86* 6.734 6.61*
ho 1.642 1622 1602 1562 1512 1452 1.372 1.2772 he 2102 2.082 2052 2012 1952 1.882 1.792 1.677?
pr 124! 120! 115 110! 1.05' 9.942 9.39°2 8.857? pw 1.44%' 138! 132! 126! 119! 112! 1.05! 9.86°?
dr 1.28°% 1.24°% 120°% 1.15°% 1.09° 1.03° 967 897* dm 1.33°% 1.29°% 1.24°% 1.19°% 1.13°2 1.07° 1.00° 9.30°*
fr  1.20% 1.17% 1.127% 1.07% 1.01! 9432 8732 79772 fr 1341 129! 124! 118! 112! 1.05! 9.752 8.937?
gm 4.28°% 417°% 4.06° 3.93° 3.79°% 3643 3.48° 3.31° gm 4.62°% 450°% 43732 422° 4.06° 3.89°% 371° 352°
hm 3.682 3542 3402 3272 3172 3.092 3.052 3.062 hm 3.852 3692 3542 3392 3272 3192 3142 3.147?

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 €(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305

so 1982 1852 1.71°%2 1582 1.442% 1.31°% 1.182 1.05°2 so 2302 2132 1972 1802 1642 1.492 1342 1.197?
poc 2581 2431 227! 210t 191t 1727t 1527t 1.32°% po 270! 255! 238! 220! 201t 181t 160! 1.39°!
do 1.192 1.132% 1052 9.62° 868° 7.68° 6.64° 561° do 1.292 12272 1142 1.052 9572 8512 7.40° 6.28°
fo 9.227% 8.90°° 859° 8.27°% 7.87°% 7.35° 6.61°° 562° fo 1.00°% 9.70°° 9.34% 897 3% 8543 7.99°% 7248 6.22°°
go 6.42°% 6.39* 6.36* 6.29* 6.13% 584 % 538 472 go 6.53% 6.46* 6.41* 634 621 % 598* 559 5.00*
ho 1152 1.002 8.32°% 6.47°% 463 % 3.03° 1.93° 1483 ho 1522 1.332 1.112 866 ° 6.15°% 3.86° 2.15°% 1.31°°
pm 8322 7802 7292 6.782 6.262 5712 5122 4.48°? pm 9192 8542 7912 7302 6.702 6.092 5452 4782
dr 8.22% 7.44*% 6.64% 583 % 504* 4.28% 3574 2944 dr 853% 7.727% 6.89% 6.05% 523* 4.44* 3704 3.05*
fr 7172 6.332 5482 4632 3.81% 3.042 2362 1.782 fr 8.062 7.152 6.21"2 5262 4.342 3482 2702 2.042
gm 3.13°% 294°% 274°% 253°% 231°% 207°% 1.82°% 1573 gr 3.32°% 3.11°% 289 266°% 243°% 2192 1942 1673
hm 3.112% 3.202 3.3272 3.442 3532 3532 3422 3152 hm 3.202 3.302 3.452 3602 3.722 3.762 3.672 3.42?2

€(Ry) 0.353 0.410 0476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000

s 9.21°% 7.88°% 6.57°% 5.34°% 4.24° 330°% 2543 1.92° soc  1.042 896°% 7493 6.09° 4.83°% 3.75°% 2.88°% 2.17°
poc 112! 9212 7362 5672 4202 2982 2.022 1.31°? poe 118! 9812 7.892 6122 4552 3.242 2212 1.44°?
do 4.63°% 3.74°% 2972 230° 1.71°% 1183 7.43 4 4.28* do 5.20°% 4.20°% 3.33° 259°% 1.94°% 1363 8.76% 5.08*
fo 4.45°% 3.25°% 220°° 1.41°°% 829* 438% 2524 1.73* fo 4.96° 361° 2412 1522 906+ 493 % 2684 1.75*
go 3.92% 3.04% 216% 1.37% 7.41° 3325 1375 7.20° go 4.23% 335% 2454 1614 9.12° 4275 1.75° 8.26°¢
hoe 157° 1.81° 1.70° 1.13°% 521* 2.38* 1.36* 1.70* ho 1.33% 1.78° 1.96° 1473 7.11% 2.78% 1.44* 152*
pm 3.812 3152 2552 2052 1672 1392 1172 9.74° pm 4.0872 3382 2732 2182 1752 1.442 1.21°? 1.00°?
dr 2.39% 1924 153 % 1.19% 8845 6.28° 4.36° 3.13° dr 2.48* 2,004 1.60“% 1.25% 9.46° 6.83° 4.80° 3.46°
fr 1.3272 968°% 7.07° 511°% 355°% 2243 120°% 5.07* fr 1502 1.092 7.86° 565° 3.94° 2543 1.42° 6.28*
grm 1.30°% 1.04° 802* 6.00* 4.41* 3.16* 2124 1.227¢ gr 1.40°% 1.13°% 876* 657 % 481“% 345* 2344 1.39*
hm 2.742% 2202 1602 1.022 538°% 210° 4.62* 6.38° hm 3.002 2442 1802 1172 6.40° 265° 6.71°% 850°
1 d 2 JJ+1)-A 1

_ JM; _ _ JM;
whereJ is the total angular momentuny] ; its (laboratory QI G (RI=[1E-U(R)IG,™(R), (B14)

frame z-axis component, and , is the body-fixed compo-
nent. In this representation, the angular componenBsaiid ~ Where

A by couple stateg, that have dlfferen;xk but are dlagqnal Dyr= (PBK+ASK)2+(P$k+A$k)2,
in J, M, and a system of coupled radial equations arises for (B15)
eachJ, which may be written as U (R)=(ex+ZaZg/R) Spric
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TasLe 29. Single differential cross sectiongin 10 °cn?) at E
=8.08 keV/amu

TaeLe 30. Single differential cross sectionéin 10 ®cm?) at E
=8.40 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so  4.632 4582 4532 4472 4.40°% 43272 4232 41272 s 5.432 5382 5312 5242 5152 5062 4952 4.837?
pc 389! 387! 385! 383! 379! 376 372! 3671 po 405! 403! 400! 398! 395! 391! 387! 382¢
do 17272 1722 1.71°% 1.71°2 1.70°% 1692 1.682 1.66°? do 1782 1782 1.772 1762 1762 1.752 1.74? 1722
fo 1442 1432 1422 14172 1402 1.382 1.372 1352 fo 15172 1502 1.49°2 1482 1472 1452 1442 1472
go 9.33% 924*% 915* 904* 892* 879* 864 “ 848" go 1.02° 1.01°% 997% 9864 9.72* 957 % 9414 9.22°¢
ho 26672 26672 26672 2.66°2 2.66°2 2.662 2.652 2.64°7 ho 32272 3222 3232 3232 3232 32472 32472 32372
pr 202! 199! 196! 192! 188t 183 178! 1.721 pm 233! 230! 226! 221! 216t 211t 204t 1981
dr 1.58°% 156°% 1552 1.53° 1.50° 1.48°% 1453 1.41° dr 1.64°% 1.62°% 1.61°° 1.59°° 1.56°% 153 3% 1.50° 1.47°
fr 1.69% 1.68% 166% 1.64 % 1.61% 158* 155% 151 fr 1.85%! 183! 181! 1.79! 176 1.73! 1.70! 1.66*
grm 569°% 564°% 558°% 551°% 543°% 534°% 524°% 5133 gr 6.22°% 6.16° 6.09° 6.01% 593° 583°% 5712 559°
hm 5.092 4992 4882 47672 46272 4482 43272 4157 hm 5252 5152 5032 4902 47672 4612 4442 4.267?

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 ¢(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 4.01% 3882 3752 3592 3432 3252 3.062 28772 so  4.69% 4542 4382 4192 3992 3.782 3552 3322
poc 3.62! 3561 349 341! 332! 32271 310t 29717 po 376! 370! 363! 355! 345! 335! 323! 310!
do 1.652 1.632% 1612 1582 1552 1.522 1.482 1.437? do 1712 1692 1.672 1652 1.622 1592 1552 15072
fo 1.332 1.312 1.292 1.262 1.232 1.202 1.162 1.1372 fo 1412 1392 1362 1.342 1312 1.282 1252 1.21°7?
go 830* 811* 790* 7.69* 7.48* 7.27* 7.07* 6.89°* go 9.02* 880“* 856* 831% 8044 7.78% 7524 7.28*
ho 2632 2612 2582 2552 2492 2412 2312 21772 he 3.232 3212 3192 3162 3.112 3.032 2922 27872
pr 166! 1591 1521 144! 136 127 119 1101 pwm 190! 182! 173! 164! 154! 144 133! 1231
dr 1.38°% 1.33°% 1.29°% 1.23°% 1.17°% 1.11°°% 1.04° 965* dm  1.43°% 1.39°% 1.34°% 1.28°% 1.22° 1.15°% 1.08° 1.00°
fr 147 % 1.427% 1.37% 1.31% 124! 116 1.08! 9.95°2 fr 1.61% 156! 150! 144! 136! 1.28 120! 1.10°?
gm 5.01°% 487°% 4722 455°% 4373 418°% 397° 3.75° gm 5.44°% 52983 5112 4922 472°% 4.49° 426° 401°
hm 3.982 3812 3642 3482 3352 3252 31972 31972 hm 4.082 3892 3712 3542 3392 3282 3222 3227

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢ (Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 2662 2462 2262 2062 1.872% 1.682 1512 1.3472 so 3.072 2832 2582 2342 2112 1902 1.692 15072
poc 2.831! 267! 2491 231! 2411 190 1681 1471 po 295! 278! 261t 241t 220t 199! 1.761 1541
do 1372 13172 1232 1142 1.042% 9.35° 8.18° 6.98° do 1.452 1.39°2 1.31°% 1.232 1.132 1.022 896° 7.69°
fo  1.092 1.052 1.01°2 9.70°% 9.23°% 8.66° 7.90° 6.86° fo 1182 1.142 1.092 1.052 9.96 % 9.36° 8583 7533
go 6.74°% 6.62* 652* 6.43* 6.31% 6.11* 576 524 go 7.06* 6.88* 6.72* 659* 6.45* 6.25* 5944 545*
ho 20072 1.772 1502 1.192 863 % 546° 2.89° 1.36° ho 2582 2332 2012 1642 1.2272 801° 435% 185°
pm 1.02°! 9372 8612 7892 7.192 6502 5.802 5.09°? pm 113! 1.03! 9402 8542 7.722 6.942% 6.182 5412
dr 8.85% 8.01*% 7.15% 6.28* 542* 460* 3.83% 3.15* dr 9.19% 8324 7.42% 651* 562* 4.76% 3.97% 3.26*
fr  9.00% 8.00% 6.98°2 5942 4922 3.962 3.082 2322 fr  9.982 8912 7.792 6.652 5542 4472 3.492 2632
gr 3.52°% 329°% 305°% 281°% 256°% 230°% 2.04°% 1.77°3 gm 3.75°% 3.49°% 322°% 296°% 269° 2422 214° 1.86°
hm 3.252 3.3772 3542 3722 3.882 3.962 3912 3.682 hm 3.282 3.41°2 3602 3.81%2 4.012 4142 4132 3932

e(Ry) 0353 0.410 0.476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 1172 1.012 8462 6.90° 546° 4.23 3% 3.243 2443 s 1.3172 1.132 9483 7.74°% 6.14° 4753 3.62°% 2728
poc 125! 1.04! 8412 6562 4912 3522 2412 158°? pe 132! 110! 8922 7.002 5272 3.802% 2612 1.72°?
do 5.80°% 4.70°% 3.727% 289°% 2.18°% 156° 1.027° 6.02°¢ do 6.43 3% 5227% 4.15°% 322°% 245°% 1773 1.18°% 7.09*
fo 5533 405°% 268° 1.64°% 9.71°% 5444 291% 1.79°* fo 6.16° 456° 3.01° 1.80° 1.04° 5894 3.18“ 1.87*
go 452% 365% 2744 1.86* 1.10* 541° 2255 9.74° go 4.77% 393% 302*% 211*% 1.30* 6.73° 2.89° 1.18°
ho 1.06° 1.60°° 2.117°° 1.84°% 9.88* 3594 1.63* 1.41* ho 9.077% 1.317° 2.10°° 2.17°% 1.343% 4.98% 1.94% 1.472*
pm 4352 3612 2912 2312 1842 1502 1.242 1.037? pm 46272 38472 3102 24672 1942 1562 1.282 1.06°?
dr 256* 2.07*% 1664 1.317% 1.00* 7.35° 5.23° 3.79° dr 2.64% 2134 1.717% 1.36% 1.05* 7.83° 565° 4.12°
fr 1702 1.2272 874° 6233 436° 286° 1.64° 7.64° fr  1.932 1382 9.73° 6.86° 4.79° 3.18° 1.88° 9.11*
gm 1.49°% 121°% 949* 7.15* 5234 3.75* 256 1.56* gr 1.58°% 129°% 1.02°% 7734 566 % 4.05* 2784 1.73*
hm 3272 2692 2012 1.332 7483 3273 9224 1.27* hm 3532 2942 2232 1502 8642 3943 122° 1914

and differ by *1, is the angular or Coriolis couplind® is diag-

T 1o onal inA(A,=A,) and represents a small correction to the
Qi = 0a, 4, +1IRTTIFAYIEA+1)] rotation kinetic energy. Equatidi814) can be reduced to the
o 0. .~ @ conventional form
X[(Pk'k+Ak/k)iI(Pk/k+Ak/k)] (816)
. 1[ d 2 K(K+1) JVK(K+1)

with —|—i==1+PR+AR| + +

_ ~ 2M dR 2MR2 MR
Pik=R™ N[ Ly | i) (B17)
The remainder ofP® has been absorbed in the rotational X[P?+A°] G(R)=[1E—U(R)]G(R), (B18)

kinetic energy.Q, which couples states with values that
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TaeLe 32. Single differential cross sectionéin 10 ®cm?) at E
=9.04 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so 6.322 6.26% 6.182% 6.09% 6.002 5882 57672 5617 so  7.30% 7.227%2 7.132 7.032 6.922 6.79% 6.64 2 6.482
poc 420! 4181 415 412! 409! 405 401! 3.96 po 4341 4321 4301 427t 4231 420 4151 4.10°
do 1.832 1.832% 1.822 1.822 1.81°2 1.802 1.792 1.7872 do 1.882 1.872 1.872 1.862 1.862 1.852 1.842 1.837?
fo 1592 1592 1582 1572 1552 1542 1532 1512 fo 17272 1.71°% 1.70% 1682 1672 1662 1642 1622
go 1.10°% 1.09°° 1.08° 1.07° 1.05°% 1.04° 1.02° 9.99* go 1.18°% 1.17°% 1.16° 1.15° 1.13°% 1.12°% 1.10° 1.08°
ho 3.81°2 3822 3822 3832 3842 3852 38672 3.86°7 ho 4412 44272 4442 4452 AAT? 4482 450°% 4522
pm 267! 2631 2581 2531 2471 241 2331 2251 pm 3.03! 298! 293! 287! 280! 273! 265 2551
dr 1.717% 169° 167° 165°% 1.63° 1.60°% 157°% 1533 drm 1.79°% 1.77°% 1.75°% 1.733% 1.70°% 1672 1.64° 1.60°
fr  2.010% 199! 197! 195! 192! 189 1851 1.81? fr 248t 2161 2141 211t 2,08t 205 2,01 1.96*
gr 6.82°% 6.75°% 6.67° 6.58° 6.48°% 6.37° 6.24° 6.09° gm 7.47°% 7.39°% 7.31° 721° 7.09° 6.96° 6.82° 6.66°
hm 5.382 5.2772 5152 5012 4862 4.70% 4532 4342 hm 5.472 5362 5232 5092 4932 4762 4582 43872

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 ¢(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so 5462 5282 5082 4862 4632 4372 4112 38272 so  6.297% 6.09% 5.862 5602 5.332 5032 4722 4392
pc 391! 384! 377! 368 359! 348! 336! 3.22% po 405! 398! 390! 382! 372! 361! 348! 3.34?
do 1772 1.752% 1732 1.71°% 1682 1.652 1.612 1572 do 1.81°2 1.802% 1.782 1.76 2 1.742 1.71°% 1672 1.637?
fo 1492 1472 1452 1432 1402 1372 1.342 1302 fo 1602 1582 1552 1532 1502 1.472 1442 1.407?
go 9.77* 953 % 9264 8984 8.68* 837 * 8.06* 7.76* go 1.05°% 1.03% 999“ 9694 9.36* 9.0274 867 “ 8.32*
ho 3.872 38672 3852 3832 3782 3712 3.612 3.467? ho 4532 4542 4542 4532 4502 4452 43672 4.21°7?
pm 247! 207! 197 186 1.74' 162! 1501 1.371 pm 245% 234t 222! 209! 196! 182! 168! 1.53?
dr 1.49°% 1.45°% 1.39°% 1.34°% 1.27°% 1.20°% 1133 1.04°3 drm 1.56°% 1.51°°% 1.46°% 1.40°% 1.33° 1.26% 1.18° 1.09°
fr 1761 170! 1641 1571 149! 1411 13171 12171 fr 191! 185! 1.797' 171! 163! 154 1.44*1 1.33°
gm 5.93°% 5753 556° 534°% 510°% 485° 458° 4.30° gm 6.47° 6.27°% 6.05° 580° 553°% 5253 494° 462°
hm 41472 3952 3752 3572 3412 3292 3212 32172 hm 4182 3972 3762 3572 34072 3272 3192 31772

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 3532 3242 2952 2662 2392 2132 1.892 1.67°2 so  4.042 3.70% 3.352 3012 2692 2392 2112 1852
poc 3.077' 290! 2717t 251t 230! 208t 185t 161t po 319! 301! 282! 262! 240t 216t 192! 168*
do 1522 1462 1.392 1.302 1.21°% 1.092 9.72°% 84173 do 1582 1522 1462 1.372 1.282 1.172 1.052 9.12°3
fo 1262 1.2272 1.182 1.132 1.072 1.01°? 9.30°° 8.23° fo 1362 1.322 1272 1.21°% 1162 1.092 1.00% 8953
go 7.48* 723*% 701* 682* 6.64* 6.43* 6.12% 567 * go 7.98* 767*% 7.39% 7.14*% 691 * 666+ 6.34* 589
ho 3262 2982 2632 2192 1692 1.162 6.70° 2953 ho 4.01°2 3722 3342 2852 2272 1632 1.002 4.83°
pr 125! 114! 103! 9262 8312 7.422 6572 57472 pwm 139! 125! 112! 101! 8952 7942 6992 6.09°?
drm 9.58* 866* 7.72* 6.77* 583 % 494* 410* 3.36* dm 1.00°% 9.06* 8.07* 7.07* 6.08* 513* 4.26* 3.48*
fr 110! 9.852 8642 7.41% 6.192 5.01°2 3.932 2972 fr 121! 1.08! 9532 8202 6.8772 5592 4402 3.342
gm 4.01°% 3.71°% 3.41° 3.12°% 2.82°% 253°% 2243 1.95° gm 4.29° 3.96°% 362° 329° 297°% 265° 2.34° 204°
hm 3272 3.4272 36272 38772 4112 4282 4322 4167 hm 3242 3392 36272 3902 4182 4402 4492 43872

e(Ry) 0353 0.410 0.476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0552 0.640 0.743 0.862 1.000
so 1462 1252 1.062 864 ° 6.86° 530° 4.02° 3.01°° so 1.612 1.392 1.172 9572 7.61° 5882 445°% 3323
poc 138! 115! 9412 7432 5632 4.082 2822 1.867? po 1441 121! 99072 7.852 5992 4372 3.032 2.017?
do 7.07°% 578°% 460°% 358°% 272°% 199° 1.36° 8.29* do 7.72°% 6.34°% 5072 395°% 3.02°% 2232 154° 963*
fo 6.82°% 5133 341°% 200° 1.11°% 6.26* 3464 1.98* fo 751 575°% 3.88°% 227°% 1.21° 661 3.72% 212*
go 5.02% 420* 3.28* 236* 151 % 823° 368° 1.47° go 5.26* 4.46“% 354*% 2604 1.73% 9.88° 463° 1.84°
ho 1.043% 1.00°% 1932 2393 1.72°% 7.02*% 242 155* ho 1632 813 % 1.65°% 2482 2.09° 97274 3.16* 1.78*
pm 4912 4.082 3302 2612 2052 1632 13272 1.09°? pm 5202 4332 3502 2762 2162 1.702% 1372 1.12°7?
dr 272% 219% 1.76% 1.41% 1.10* 8.28° 6.05° 4.44° dr 2.81% 2264 1.81% 1.45% 1.14* 870° 6.43° 4.75°
fr 2172 1552 1.082 7.55°% 5253 351°% 2.12°% 1.07° for 2442 1732 1.20% 831°% 5743 385°% 2.38°% 1243
gr 1.66°% 1.37% 1.09° 8.30* 6.10* 4.36* 3.00% 1.90* gm 1.74°% 1.45°% 1.16° 8.86* 6.54* 4.67* 3234 207*
hm 3.7872 3182 2452 16872 9.86° 466° 155°% 2.79°* hm 4.022 3432 2672 1862 1.112 5443 1932 391
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TasLe 33. Single differential cross sectiongin 10 °cn?) at E
=9.36 keV/amu

PICHL ET AL.

TaeLe 34. Single differential cross sectionéin 10 ®cm?) at E
=9.68 keV/amu

e(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028 ¢(Ry) 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.028
so 8352 8272 8172 8052 7.922% 7.772% 7.612 7.427? so 9.492 93972 9282 9.152 9.002 8.832 8.642 8432
po 4481 4461 4441 4411 4371 4331 4291 42471 po 4621 4601 4571 4541 4511 4471 44271 4371
do 1922 1912 1912 1902 1902 1.892 1.882 1.872 do 1962 1952 1952 1942 1942 1932 1922 1.917?
fo 1.892% 1.882 1.872 1.852 1.832 1.812 1.792 1772 fo 2132 21272 2102 2.082 2.052 2.032 2.002 1972
go 1.26°% 1.25% 1.24° 1.22°% 1.21°% 1.19° 1.17° 1.15° go 1.33°% 1.32°% 131° 1.29° 1.28°% 1.26° 1.24° 1.22°3
ho 5.022 5032 5052 50872 5102 5122 5152 51872 ho 5612 5642 56672 5692 5722 5762 5802 58472
pm 341! 336! 330 323! 316! 3.07' 298! 23881 pw 382! 376! 369! 362! 354! 344 3341 3221
dr 1.88°% 1.86°% 1.84°% 1.82°% 1.79°% 1.76°% 1.72°% 1683 dr 1.98°% 1.96° 1.94°% 191°% 1892 185°% 1.82° 1.78°
fr 2361 2341 23171 2281 225t 2227t 2171 21271 fr 2541 25271 2491 246 2431 2391 2341 229°
gm 8.18°% 810° 800° 7.89°% 7.76°% 7.62° 7.46° 7.27° gr 8.95° 886° 875° 863° 849°% 833°% 8.14° 7.94°
hm 5522 5412 5282 5132 4972 4802 4612 4402 hm 5.552 5432 5302 5152 4.982 4802 4.612 4.40°2

e(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093 ¢(Ry) 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.093
so  7.20% 6972 6.702% 6.41°% 6.102% 5752 5392 5002 so 8192 7.927% 7.627%2 7.29% 6932 6.542 6.127% 5682
poc 418! 411! 403! 395! 385! 373! 360! 3461 po 431! 424t 4161 407! 397! 385 372! 358¢
do 1.862 1.842% 1.832 1.81°2 1.782% 1.76 %2 1.722% 1.68°2 do 1902 1.882 1.872 1.852 1.832 1.802 1.772 1.737?
fo 1742 17272 1692 1662 1.622 1592 1552 1.51°7? fo 1932 1902 18672 1.822 1.782 1.742 1692 16472
go 1.13°% 1.10° 1.07° 1.04° 1.01% 9704 9324 8.93* go 1.20°% 1.17°% 1.14° 1.11° 1.08°% 1.04°% 999“ 958
ho 5202 5232 5252 5252 5242 5212 5142 50172 hoe 5.8872 5922 5952 5982 5992 5982 5942 58372
pm 276! 263! 250! 235 220! 203t 187 1701 pm 3.09! 295! 279! 263! 2451 227! 208! 1.89*
dr 1.64°% 159°% 153°% 1.47°% 1.40° 1.32°% 1.24°% 1.15°3 drm 1.73°% 1.68°% 1.62°% 155°% 1.48° 1.40°% 1.31°% 1.21°3
fr  2.07% 201! 1941 1861 177! 167 1561 1451 for 224t 217! 2091t 201t 1927t 181t 1.70t 1.57¢
gm 7.07° 6.84°% 659° 6.31% 6.01% 569° 5343 4.98° gm 7.71° 7.46° 7.18° 6.87° 6.53° 6.17° 578 ° 538°
hm 41972 3972 3752 3552 3372 3222 3142 3127 hm 4172 3952 3722 3512 3312 3162 3.072 3.05°?

e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 ¢(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305
so 4602 4202% 3792 3.402% 3.022% 2672 2352 20572 so 5.227%2 4752 4282 3822 3.392 2982 2602 2262
poc 330! 312! 2931 27271 2491t 2251 200t 1.751 po 341! 323! 303! 281! 258! 234! 208! 1821
do 1642 1582 1522 1442 1352 1.242 1122 9.80° do 1.692 1.632 1572 1502 1.412 1.302 1.182 1.05°?
fo 1472 1422 1372 13172 1242 1172 1.082 9.71°8 fo 1592 1542 1482 1412 1342 1262 1172 1.052
go 855* 818* 7.84* 753* 7.24* 695* 6.60* 6.14* go 9.16“* 875* 836“* 800 765 7.30* 6.92* 6.43*
ho 4.81°2 4532 4132 3602 2952 2212 1442 7613 ho 5.662 53872 4982 4432 3722 2892 1992 1.147?
pm 1541 1381 123! 1.09! 9.662 8512 7452 6.45°? pwm 170! 152! 135! 119! 1.04! 9122 7932 6.847?
dr 1.05°% 950* 846 * 7.40* 6.35% 535%* 443 * 360" dm 1.11°% 1.00°% 890* 7.78* 6.67* 561 * 4624 3.74*
fr 132! 119! 1.05' 9.032 7592 6.20% 4902 3.732 fr 1441 1291 1141 9892 8.352 6.842 5422 4142
gm 4.61°% 423°% 385° 348°% 312°% 278°% 245°% 2133 gm 4.96° 453°% 411° 369° 3.29°% 291°% 256° 2223
hm 3192 3352 3592 3902 4222 4502 4642 45772 hm 3.12°2 3282 3552 3882 4242 4572 4762 4.757?

e(Ry) 0353 0.410 0.476 0.552 0.640 0.743 0.862 1.000 ¢(Ry) 0.353 0.410 0.476 0552 0.640 0.743 0.862 1.000
so 1.782 1532 1282 1052 8.40° 6.49° 490° 3.65° so 1962 1672 1.412% 1162 9.23°% 7.14° 53832 4.00°
poc 1511 127! 104 8272 6352 4662 3.252 21672 po 157! 132! 1.09! 8682 6.692 4952 3472 23272
do 837°% 6.92°% 556°% 435°% 333°% 248°% 1.74°% 1.11°° do 9.00°% 750° 6.06°% 4.76°% 366°% 2.73°% 1.95°% 1.27°3
fo 8253 6.42°% 4413 259°% 1.35°% 7.00% 3944 2.27* fo 9.02°% 7133 4992 298° 1523 750 4144 2.43*
go 551 % 471% 379* 284* 195*% 1.16* 575° 2.33° go 579* 498“% 405* 3.08% 2174 1.35% 7.01°° 293°
ho 2843 8844 1323 2423 241 1293 425% 2.09* ho 4.80° 1.36° 1.05° 2222 2632 1.64° 575% 2.47*
pm 5502 4582 3712 29272 2272 1.77? 1412 1.15°? pm 5812 48472 3922 3092 2392 1852 1462 1.187?
dr 290% 2324 1.86% 1.49% 1.18* 9.08° 6.80° 5.06° dr 3.00% 2394 1.917% 1534 1.21°% 9.44° 7.14° 536°
fr 2732 1.932 1.342 9.14°% 6.26°% 4.21°% 2.64° 1428 fr 3.042% 2152 1.482 1.01% 6.83% 459° 290° 1.60°
gm 1.82°% 15278 1.22° 941 6.97* 4994 3454 224 gm 1.90° 1.58°% 1.28° 9944 7.40* 531* 3.68“ 240
hm 42572 3672 2892 2042 1252 6.27°% 2343 529* hm 4.462 3902 3122 2232 1392 7.16° 280° 6.91*
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TasLe 35. Single differential cross section§n 10 ®cn?) at E (@ 1 ——TT3
=10.0 keV/amu 2 ]
p * ]
e(Ry) 0.010 0012 0.013 0016 0.018 0.021 0.024 0.028 N’E‘ i ---------- $ ? """""" ? ---------- ! .......... ; ........... ¥.]
so 107! 1.06' 1.05! 1.03! 1.027! 9962 9.752 9.51 2 ,«_»o 0.1
poc 475! 4731 470! 4671 463! 459! 4551 4501 o E
do 2002 1992 1992 1982 1972 1972 1.962 1.952 - ¢ P A *... * * 3
fo 2452 2432 2402 2372 2342 2312 2272 22372 5 [ ]
go 1.39° 1.387° 137° 136° 1.34°% 1333 1313 1.29°3 B 2s 1
ho 6.202 6.232 6.262 6.302 6.342 6.382 6.432 6.48? 2
pr 425' 4181 411! 403! 393! 383! 371! 358! o 001 E
dm 2093 20732 2053 2.02°% 1.99° 196° 1.92° 1883 2 ]
fo 2731 271! 2681 2651 261! 2571 2521 247! o ]
gm 9.783 9672 9553 9423 9263 9.08°% 8833 8.66° —————————T
hm 55572 5422 5292 5142 4972 4782 4582 43772 3 4 5 6 7 8
e(Ry) 0033 0038 0044 0051 0059 0069 0080 0093 (P) 1 T T T T T
so 9242 8942 8602 8232 7822 7382 6902 6402 1 e P * ]
poc 443! 436! 428! 419! 409! 397! 384! 3691 «T'E‘ ’ E 3 --------- 3 E‘ """""""""""" ]
do 1942 1922 1912 1892 1862 1.842 1812 1777 o i N
fo 21872 2142 2092 2.032 1.982 1.922 1862 1.802 2 o141 2p §f ®.
go 1.27°% 1243 121% 1.18°% 1152 1.11°% 1073 1.02°3 © f .......... f ------
ho 6.542 6.602 6.652 6.702 6.742 6.76 2 6.74 2 6.67 2 ~ ff ]
pm 3431 328! 310% 292! 2721 2521 230! 2.09* S ?T 2s ]
dm 1.83°% 1.77% 1.717% 164 % 156° 1.48°% 1.38°% 1.28°3 © : f ]
fr 2411 2341 2261 217! 207 196! 1831 1701 2 0.01 |
gr 8.41°% 812°% 7.81°% 7.47°% 7.10° 6.69° 6.26°% 5813 @ 3
hm 4142 3902 3.672 3452 3257 3.09?% 2982 2962 2] * 3
(&) .
LN IR R N RN ML SRR BN |
e(Ry) 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.305 J 2 3 4 5 A 7 8
so 5.882 5352 4812 4292 3782 3312 2882 2492
pr 352 334! 3.3 201! 267" 242! 216 189 Energy (keV/amu)
?g 1;2; iggz igiz iggz iigz iggz iggz 11}1_2 Fic. 6. Cross section comparisghydrogen—proton systenfor: (a) excita-
go 9.81* 937* 894* 852¢ 812 7.72% 7.29* 6.76* tion to 2s and 2p levels and(b) capture into 2 and 2o levels of atomic
ho 6522 6262 5872 5312 4572 3662 2632 1.612 hydrogen in collisions with slow protons. Solid squares with error bars,
pr 1.88°1 1671 147! 129! 113! 9772 8452 7.252 measured values of Barr&tsolid circles with error bars, measured values
dm 1172 1062 9424 8224 703 % 590% 485% 3914 of Morganet al?* dotted lines, the triple-center close-coupling calculations
fr 1561 140! 124! 108! 9132 7512 5972 4582 of McLaughlinet al’; open triangles, the double-center close-coupling cal-
gm 5.347° 4.86° 4.39°° 3.92°% 3482 3.06°% 2673 2.31°3 culations of Toshim¥; open circles, molecular orbital close-coupling cal-
ho 3.032 3202 3482 3842 4242 4612 4872 4912 culations of Kimuraet al % solid diamonds, present calculations with basis
set C.
e(Ry) 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.000
so 21472 18372 1542 126°% 1012 7.81°% 589° 4.36° . _ _ _ y
po 1631 13Tl 113rl 90g2 70(2 5232 3702 24g2 H. B. Gllbody,PrOCeedlngS XIX ICPEAC Invited Papers, British Colum-
do 961*3 80T3 65T3 51g3 39973 3003 2163 143*3 b|a, Canadaed|ted by L. J. Dube,\] B. M|tChe”,JW MCCOnkey, and C.
fo 98373 78g3 5633 34:{3 1753 8204 4374 25T4 E. Brlon(AlP, NeWYOrk, 1995, \ol. 360, p. 19.
go 60g4 5264 431*4 33z4 2334 154*4 8405 3665 58 ZOU, L. P|Ch|, M. Kimura, and T. Kato, Phys Rev. 66, 042707
ho 7593 2392 9594 1933 2733 1,993 7.704 2.96* (2002 o
pr 6.142 5102 4132 3252 2512 1.932 1512 1.21°? M. Pieksma, S. Y. Ovchinnikov, J. van Eck, W. B. Westerveld, and A.
dmr 311*4 2464 1964 1564 1254 97g5 74T5 5655 NiehaUS, PhyS Rev. Leff\?), 46(1994)
fr 3372 2392 1642 1.102 7.433 4983 3.183 1.79°3 M. B. Shah, J. Geddes, B. M. McLaughlin, and H. B. Gilbody, J. Phys. B.
gr 1.97°% 1653 1.343 1.05% 7.834 5634 3.91% 2574 31, L757(1998.
har 4.672 4132 3342 2422 1532 8093 3293 8794 8M. B. Shah and H. B. Gilbody, J. Phys. B, 2361(1981).

9M. B. Shah, D. S. Elliot, and H. B. Gilbody, J. Phys. 1), 2481(1987.

10N, Toshima, Phys. Rev. B9, 1981(1999.
1A, Kolakowska, M. S. Pindzola, and D. R. Schultz, Phys. Re59A3588

by taking into account that the angular momentum of heav¥2(1999-

particlesK is much greater than that of electron systam

E. Y. Sidky and C. D. Lin, Phys. Rev. 85, 012711(200J.
BV, Sethu Raman, W. R. Thorson, and C. F. Lebeda, Phys. R8y1816

i.e., K=J>A. (1973.
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(1978.
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